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Artificial insemination (AI) has transformed the cattle breeding industry internationally 
through increased distribution of semen from genetically elite sires, which has accelerated 
genetic improvement in cattle populations (Diskin 2018). Bulls with the highest genetic merit 
are available to breeders world-wide through AI; this allows these bulls to sire many more 
offspring than would be possible by natural mating. Genetically elite sires are typically the 
youngest bulls and in commercial bull studs more than half of bulls presented for semen 
collection can be less than 15 months of age (Schenk 2018). It is unclear whether management 
protocols developed over the last 50+ years for mature bulls are suitable for young bulls, in 
order to optimise semen production without negatively affecting sperm quality and field 
fertility.   
In seasonal pasture-based cattle production systems (such as in Ireland) young bulls are under 
tremendous pressure to produce 1000 acceptable semen doses at 12 to 14 months of age. Many 
commercial breeding companies strive to achieve 1000 semen doses to ensure sufficient 
numbers of inseminations are carried out, in order to get an accurate indication of a bull’s field 
fertility and conduct progeny testing of the bull. In Ireland, bulls are not placed on the 
mainstream list until they have a calving record; therefore achieving this as early in a bull’s life 
as possible is highly desirable. In any successful breeding programme, it is the youngest 
animals which will have the highest genetic merit. It is important to breed offspring from these 
genetically elite animals so genetic gain can be accelerated through a reduction in the 
generation interval. Breeding selectively from elite animals is one strategy that the industry can 
implement to achieve climate change mitigation, due to more efficient animals being produced 
which have a reduced carbon footprint per unit of product output.   
There is a trend in the AI industry to market younger genomically selected bulls, primarily due 
to these bulls having higher breeding values than their older counterparts. While this has 
shortened the generation interval and increased the rate of genetic gain, it has brought some 
challenges. These young, first season bulls that are less than 14 months of age have limited 
ability to produce semen of acceptable quantity and quality, and they often fail to satisfy the 
market demand for their semen (Schenk 2018). Young bull management is of vital importance 
to ensure semen production is optimised from these bulls. One of the most important 
management variables affecting total sperm production in young dairy bulls is ejaculate 
collection frequency (Quick et al. 2021). The objective of the work in this thesis was to 
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investigate the effect of ejaculate collection frequency of young dairy bulls used in AI on semen 
output, sperm quality and field fertility. Studies focusing on ejaculate collection frequency to-
date have mostly focused on mature bulls, and those that have focused on young peri-pubertal 
bulls have largely used modest collection frequencies. There are no published studies showing 
the effect of ejaculate collection frequency on the field fertility of young bulls.  
1.1.1 Agricultural Industry  
At a national level, Ireland’s most important indigenous exporting sector is the agricultural and 
food industry. In 2019, products from this industry were valued at €14.5 billion and exported 
to 180 markets globally (Department of Agriculture, Food and the Marine; DAFM 2020) and 
the industry accounted for 7.1% of total employment (employed 164,000 people) in Ireland in 
2019 (DAFM 2020). At a primary production level, there are 137,500 farmers, producing €8 
billion worth of output (DAFM 2020). Exports of Irish agri-food products dropped to €14.3 
billion in 2020, due to a period of unprecedented change and challenge from COVID-19, and 
in anticipation of Britain leaving the European Union (EU) (Bord Bia 2021). In 2020, dairy 
sector exports were valued at €5.2 billion and beef exports valued at €2 billion (Bord Bia 2021).  
Future food demand will be driven by growth in global population and population dynamics. 
Global population is predicted to reach 9.7 billion by 2050, 10.8 billion by 2080 and 11.2 
billion by 2100 (Food and Agriculture Organization; FAO 2018). To meet increased food 
demand, it is inevitable that production will have to increase from current levels. However, the 
real challenge will be to increase production while using less resources in order to minimise 
the impact on the environment. The food and agriculture industry must satisfy growing demand 
for products, while under increasing pressure to improve water quality and land use, reduce 
greenhouse gas emissions, increase energy efficiency and consumption, and to restore soils and 
forests (FAO 2018). These are some of the pressures which contribute to ensuring sustainable 
food production. Coupled with increasing consumer concern for the health and welfare of 
animals and crops, and in general a consumer base that is more educated and want to be 
informed of how their food is produced, producing food sustainably for an increasing global 
population will be a complex but manageable task. Cattle production systems must be 
sustainable, while also being conscious of plant based alternatives to meat and dairy products.  
In order to remain sustainable and competitive, production per animal will need to be increased 
so future animals will be more efficient. Improving the genetic merit of cattle populations offers 
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a sustainable, cumulative and long-term solution to both the environmental challenges, while 
increasing profitability for the production system. This can be achieved through the use of bulls 
with superior breeding values through AI.  
1.1.1.1 Dairy Sector 
The dairy industry in Ireland continues to go from strength to strength. In 2020, despite a global 
pandemic with detrimental economic effects, dairy exports grew by 3%, it was the second 
consecutive year that exports from this sector were valued above €5 billion (Bord Bia 2021). 
Irish dairy is the most geographically diversified category of all Irish food and drinks exports, 
with 49% of exports destined for countries outside of the European Union and the United 
Kingdom (Bord Bia 2021). This places dairy in a position to be least affected by any market 
developments or collapses (for example Britain leaving the EU). To compare this with the beef 
exports, 44% of Irish primary beef exports were to the United Kingdom; this highlights the 
reliance of the beef sector on one particular market which has now left the EU, placing the beef 
sector into unpredictable times.   
On Irish cattle farms AI is commonplace, particularly on dairy farms; in 2016 approximately 
20-25% of calves born to beef cows were sired by an AI bull, and approximately 45-60% of 
calves born from dairy cows were sired by an AI bull (Irish Cattle Breeding Federation; ICBF 
2017). Key factors contributing to this greater usage of AI in dairy cattle when compared to 
beef cattle are; higher levels of profitability and a greater proportion of farmers that are full 
time on dairy farms, compared to beef farms. Dairy cows are generally in the milking parlour 
twice a day, which leads to the easier identification and drafting of cows in oestrus for AI, 
compared to beef cows.  
1.1.1.2 Seasonal System 
In Ireland, a seasonal grass-based system predominates for both dairy and beef cattle systems. 
This is due to the temperate climate which facilitates a long grass growing season typically 
from February to November, with peak grass growth in May. Grass is the most cost effective 
feed available, therefore Irish dairy and beef systems are designed to exploit this. The success 
of a seasonal production system is largely dependent on a compact calving pattern (Dillon et 
al. 1995), which generally occurs in early spring (February to March) corresponding with the 
beginning of the grass growing season. Peak milk production will then match peak grass growth 
(May to June), if these are not matched, extra feeding in the form of concentrates will be 
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required for the cows to meet their milk production potential, adding costs to the system. In a 
successful seasonal pasture-based production system, cows are required to have a 365-day 
calving interval.  
Lactating dairy cows are in negative balance for up to 40 days post-partum (Walsh et al. 2011). 
The cow’s uterus becomes contaminated at parturition which is unavoidable and normal. 
Uterine involution occurs and clears most cases of contamination; however at least 20% of 
cows did not clear contaminants and developed metritis by three weeks post-partum (Walsh et 
al. 2011). This will result in reduced reproductive efficiency of these cows. Normal uterine 
involution should be completed by 50 days post-partum (Roche 2006). Cows typically undergo 
a period of post-partum anoestrous due to a reduction in the luteinizing hormone (LH) pulse 
frequency which results in the dominant follicle being incapable of producing sufficient 
oestradiol to induce ovulation (Roche 2006). If the first post-partum dominant follicle ovulates 
there is generally no oestrus behaviour expressed so the oestrus is silent (Kyle et al. 1992). It 
is generally by the second ovulation post-partum that normal oestrus behaviour and luteal 
length are resumed (Roche 2006), which leads to an increase in the cow’s ability to establish a 
pregnancy after insemination.  There is a short period of ~ 85 days from when a cow undergoes 
parturition to when the cow must conceive, in order to maintain reproductive efficiency in 
seasonal systems (Roche et al. 2017). 
A key measure of the reproductive performance in a seasonal-calving herd of cows is the six-
week pregnancy rate (McDougall 2006), which is defined as the proportion of cows confirmed 
pregnant to inseminations in the first six-weeks of breeding. This influences the six-week 
calving rate, which can be defined as the proportion of cows that calve in the first six-weeks of 
the calving season. The target six-week calving rate is 90% (Teagasc 2014). This six-week 
calving rate is greatly influenced by the 21-day submission rate and the first insemination 
conception rate. Target submission rate to AI for the first 21 days after the AI start date should 
be 90% with conception rates of lactating cows of 60% or greater being desirable (Teagasc 
2014). On many Irish farms, a 12-week breeding season is implemented, with set start and end 
dates decided upon by the farmer. At farm level survivability, calving interval and AI usage 
have been associated with six-week calving rate. Every 1% increase in the six-week calving 




1.1.1.3 Economic Breeding Index 
In all dairy cattle production system traits such as feed efficiency, maintenance of body 
condition score, reproductive fitness, longevity and ability to adapt to different systems are 
important (Washburn and Mullen 2014). The relative importance/weighting of these traits will 
vary depending on the production system (Washburn and Mullen 2014). In pasture-based 
seasonal systems (as in Ireland), as cow nutrient demand is matched with seasonal forage 
supply, traits such as fertility, fitness, milk yield and milk components are more important 
(Washburn and Mullen 2014), so receive a larger weighting in the breeding index. To breed 
the optimum cow for a pasture-based dairy production system, all traits of economic 
importance need to be combined in a weighted index of economic merit, and bulls should be 
selected from the top of this index for use in the herd (Horan et al. 2005). The economic 
breeding index (EBI) is the main Irish weighted index of economic merit ranking of dairy cattle.  
Prior to the early 2000s in Ireland, the national breeding index was the Relative Breeding Index 
(RBI). The RBI was focused solely on milk production traits (milk yield, fat yield, protein yield 
and protein percentage), without accounting for any other traits (Berry et al. 2007). This led 
breeders to rely upon imported genetics from international breeding programmes which 
similarly focused solely on milk production. The RBI succeeded in its goal, which was to breed 
cows that can produce more milk; however in practice these cows were not suited to an Irish 
pasture-based milk production system (O'Sullivan et al. 2020). Essentially international 
breeders were breeding cows for indoor high input high output systems, with cows calving all 
year round. This resulted in an increase in milk output per cow; however genetic selection on 
the single trait of milk yield alone had deleterious effects on fertility traits (Berry et al. 2003). 
Specifically, high yielding Holstein Friesian cows had high levels of early embryonic loss, 
resulting in the failure of maternal recognition of pregnancy. This culminated in a high 
proportion of the herd not pregnant at the end of a seasonal 12-week breeding season, resulting 
in excessive involuntary culling of cows following their first, second or third lactations.    
The EBI is a single-figure profit index developed by the Irish Cattle Breeding Federation 
(ICBF), aiming to help farmers identify the most profitable cattle from which to breed 
replacements (ICBF 2020a). The EBI was introduced in 2001 and replaced the RBI as the 
national breeding programme. The EBI has contributed to accelerated rates of genetic gain in 
Irish cattle populations (ICBF 2018a). The EBI is now made up of seven weighted sub-indexes 
which suit an Irish pasture-based production system, which are; (1) Milk Production, (2) 
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Fertility, (3) Calving Performance, (4) Beef Carcass (5) Cow Maintenance (6) Cow 
Management and (7) Health. Each sub-index is weighted (Figure 1.1) and separated further 
into different traits. Economic modelling has been performed for each trait included in the EBI 
and from this work its value and relative importance in an Irish pasture-based system has been 
calculated. An example is that fertility traits have been investigated by quantifying the 
economic effect of key variables including costs of culling cows, sub-optimal calving dates 
and increased costs of labour and AI, which are linked to reproductive inefficiencies (Shalloo 
et al. 2014). Thus contributing to its validation and weighting within the EBI.   
 
Figure 1.1. Percentage emphasis of various traits in the Economic Breeding Index in the year 
2020 (ICBF 2020a).  
The EBI is constantly revised and verified to ensure that all traits of importance are included 
and receive appropriate weightings. From the introduction of the EBI in 2001 to 2004, the index 
consisted of only two traits, production and fertility  (ICBF 2013). By 2007, the index consisted 
of production, fertility, calving, beef and health traits (ICBF 2013), due to developments and 
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identification of traits of importance. The EBI has continually evolved to where it is currently 
(Figure 1.1) and will continue to evolve in the future to include more economically and socially 
important traits. Socially important traits currently evident in the index are beef and health 
traits. It is likely more climate mitigation traits will be included in the future. 
Replacement cattle, bred with a focus on the EBI will be more profitable due to an increased 
production of milk, improved fertility and many other desirable traits for an Irish pasture-based 
production system. The use of bulls at the top of the EBI ranking will ensure profitability and 
suitability of offspring to the production system and in many cases it is the younger bulls at the 
top of this index.   
1.1.2 Genomics  
The use of genomics has reduced the generation interval in cattle production systems. 
Traditionally, potential AI bulls were identified and underwent time-consuming progeny 
testing programmes, where the genetic merit of a bull was determined by the performance of 
his progeny following approximately 800 inseminations with semen from the peri-pubertal 
stage of the bull’s life (Schaeffer 2006). This traditional method could take up to five years 
from when the bull is born until he is a proven sire (Figure 1.2; Schefers and Weigel 2012). 
Elite bulls were initially identified through the average of their parent breeding values, however, 
this method has a reliability of only 30-40%, which following the time-consuming progeny 
testing process, increases to approximately 75% depending on the number of progeny records 
(Schefers and Weigel 2012). This is not only time-consuming, there is a big cost associated 
with keeping and maintaining these bulls in bull studs while companies are waiting on progeny 
performance data. It is only once progeny performance data become available that the bull stud 
can make an informed decision on whether to pursue collections from a bull or remove the bull 
from the centre. Schaeffer (2006) claims that the benefits of genomic selection are too great to 
ignore; this includes double the rate of genetic gain and a 92% reduction in associated logistical 
costs when compared with traditional progeny testing.  
One of the main functions of genomic selection is the impressive increased reliabilities of 
estimated breeding value (EBV), and for bulls that have no daughter records this can range 
from 2 to 20% reliable (Hayes et al. 2009). This increased reliability of the EBVs for young 
bulls has contributed to doubling the rate of genetic gain (Wiggans et al. 2017). The 
incorporation of genomic estimated breeding values (GEBV) into evaluation indexes decreases 
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the generation interval (through reducing traditional time-consuming methods of sire 
identification), increases selection accuracy (through more reliable breeding values) and 
reduces costs of progeny testing (Wiggans et al. 2017). There are two ways that AI centres can 
use GEBVs to their advantage;  
(i) large numbers of bull calves can be screened to accurately identify the most elite animals; 
thus a smaller number of bulls can be kept in studs and progeny tested (Hayes et al. 2009).  
(ii) AI companies can market young bulls with more accurate breeding values, once they are 
capable of producing semen (Hayes et al. 2009). This is due to genomics increasing the 
reliability of predicted breeding values.  
Apart from genetic evaluation, genomics has other uses which include parentage verification, 
pedigree confirmation, determining breed composition, and tracking inbreeding (Wiggans et 
al. 2017). The benefits of genomic selection are clear; however there are limitations. Genomics 
can overestimate breeding values for certain traits (such as fertility) through bias, hence some 
countries are now applying a shrinkage factor to genomic values (ICBF 2020b). Potential 
sources of bias include selective genotyping of animals, preferential treatment of females in 
training populations and accumulation of small bias over multiple generations before being 




Figure 1.2. Timeline of a traditional artificial insemination (AI) breeding programme based on 
progeny testing (upper half of panel) versus an aggressive AI breeding program based on 
genomic testing (lower half of panel). EBV = estimated breeding value and GEBV = genomic 







1.1.3 Pressures on Young Bulls  
In a seasonal-based breeding system, young bulls need to supply up to 1000 doses of acceptable 
semen straws before ~14 months of age. The active bull list for the EBI is updated on a regular 
basis, with evaluations conducted six times per year (ICBF 2018b). However, it is the 
evaluation in March each year that will have a major impact on breeding decisions, as it is the 
closest evaluation to the breeding season. An active list of sires is compiled by ICBF, from 
which breeders are advised to select bulls. In order for a bull to be added to this active list, he 
must satisfy the following criteria;  
(i) The bull is approved for widespread use, through proven satisfactory field fertility.  
(ii) The bull’s EBI has a reliability greater than or equal to 35%. 
(iii) The bull’s reliability of calving difficulty evaluations are greater than or equal to 70% and 
the bull has at least 50 calving records either in Ireland or in the country of origin of the bull 
(ICBF 2019).  
For these reasons, a young bull cannot be included on the active list in his first breeding season 
(when aged 12 to 14 months), but it is vital some inseminations are carried out so he can make 
the active list for the following year’s breeding season. If a bull is not utilised for inseminations 
in the field during his first breeding season, his addition to the active list will be delayed by 
one year at least, at which point he is likely to be surpassed by the next generation of bulls. 
Another factor which highlights the importance of a bull’s semen being used for inseminations 
in the field in this period is to allow for his field fertility to be accurately determined, prior to 
widespread use. Allowing for a standard quarantine period of 30 days for AI semen straw doses, 
a bull must produce significant amounts of quality semen by ~ 14 months of age to achieve 
these goals.  
In 2020, the widespread use of a Holstein Friesian bull, named Cloonigney Canning, who had 
not achieved a sufficient number of inseminations in his first breeding season, led to disastrous 
results. The bull had very low pregnancy rates after ~ 5,000 inseminations and cost Munster 
Bovine ~ €0.5 million in compensation to farmers (Irish Farmers Journal 2021), along with 
reputational damage. This example highlights the importance of inseminations in a bull’s first 
season, which would have led to identification of the unsatisfactory field fertility. 
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The Gene Ireland programme was introduced (in 2005) to collect quality phenotypic 
information which provides accurate genetic evaluations for young bulls (ICBF 2018a). This 
programme ensures usage of unproven young sires offering the following benefits to 
participants; access to the latest genetics which are superior to the national average albeit with 
lower reliabilities, low cost per straw (€12) and reduced cost of genotyping animals (ICBF 
2021). For the breeding companies, The Gene Ireland programme ensures first season high EBI 
sires are tested for calving difficulty and field fertility. Bulls that are still on top of the EBI the 
following season can be used widely. The programme also reduces the risk of poor bull 
performance as individual herds are generally limited to 7 straws per bull, and only up to 35% 
of their total straw requirements are from bulls on the Gene Ireland programme (ICBF 2021).   
The pressure to ensure that fertility data of the bull is generated and calving difficulty is 
assessed, stems not only from both of these traits being of high economic importance to 
production systems, but also being difficult to measure and predict. Field fertility, defined as 
non-return (to oestrus) rate (NRR) has a very low heritability of 0.001 in bull populations, 
therefore required more phenotypic records before it can be reliably predicted (Figure 1.3; 
Berry et al. 2014).  
 
Figure 1.3. Reliability of direct genomic breeding values across a range of population sizes 
with phenotypic records for a trait with a heritability of 0.03 (■), 0.15 (▲), 0.35 (X) and 0.90 




1.2 Testes  
The testes are the primary reproductive organ of the male and have two main functions; an 
exocrine, and an endocrine function, as reviewed by Staub and Johnson (2018). The exocrine 
function involves production of the sperm (by spermatogenesis), which are then released into 
the lumen of the seminiferous tubules and then matured and stored in the epididymis and 
ampulla. The endocrine function involves the production of the steroids testosterone and 
dihyrotestosterone by the Leydig cells (Teerds and Huhtaniemi 2015). 
The size of the testes has been shown to be an indicator of puberty timing, sperm quality and 
production and daughter reproductive performance. A larger scrotal circumference is generally 
associated with earlier puberty onset, higher proportion of morphologically normal sperm, 
greater sperm output and better reproductive performance in females that are closely related to 
the bull (Kastelic 2014a). Testes size is most commonly determined by measuring scrotal 
circumference, although other methods of measurement are available such as testis length and 
diameter and paired testis width (Kastelic 2014a). 
The thermoregulation of the testes is vital; a bull can experience heat stress if mechanisms to 
control the testes’ temperature are overcome, leading to damage of the sperm during 
spermatogenesis (as reviewed by Morrell 2020). The testes (Figure 1.4) are enclosed by the 
tunica vaginalis visceralis and tunica albuginea, which is a tough connective tissue layer that 
immediately surrounds the testicular parenchyma and the scrotum (Wolfe 2018). The scrotum 
protrudes from the ventral abdominal wall and encloses the testes (Wolfe 2018). The testes 
must be maintained at 2 to 6⁰C below normal core body temperature, to ensure normal 
spermatogenesis (Kastelic 2014a). To ensure this, the testes are thermoregulated, in a complex 
process involving many local and systemic components, including the pampiniform plexus 
(Figure 1.5). The pampiniform plexus consists of a complex venous network that surrounds the 
highly coiled testicular artery, forming the testicular cone at the top of the testes and this 
controls counter-current heat exchange. In brief, as warm blood moves towards the testis in the 
testicular artery, it is cooled by counter-current heat transfer due to the artery being surrounded 
by the convoluted testicular vein, which contains cooler blood leaving the testis. The cremaster 
muscle and tunica dartos muscle regulate the scrotal surface, through muscle contractions and 
relaxations in response to temperature sensors and systemic events (Waites 1970). Other factors 
which allow for the thermoregulation of the testes are the thin scrotal skin which is generally 
hairless, with numerous subcutaneous blood vessels that encourage heat loss. The scrotal neck 
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allows the testes to hang further away from the body’s core temperature if required to keep 
them cooler (Kastelic 2014b). Successful thermoregulation of the testes leads to a temperature 
gradient in the testes (Kastelic 2014a), where the top of the testes are warmer and the 
temperature gradually decreases to the bottom of the testes. 
 
Figure 1.4. Illustration of the reproductive tract of the bull including the testis, epididymis and 





Figure 1.5. Model showing the counter-current heat transfer mechanism between the venous 
blood (blue) in the form of pampiniform plexus and the blood of the testicular artery (red) 
(Rahman et al. 2018).  
1.2.1 Sertoli Cells  
Sertoli cells are located in the somatic component of the seminiferous tubule (Figure 1.6 and 
1.7). Sperm are released into the lumen of the seminiferous tubule at the apical pole of the 
Sertoli cell (Staub and Johnson 2018). Tight junctions form between adjacent Sertoli cells, 
which form the blood testis barrier. The blood testis barrier is a principle feature of the Sertoli 
cells allowing for their structural support of the developing germ cells (Johnson et al. 2008). 
This barrier additionally separates the developing spermatogonia and early preleptotene 
primary spermatocytes within the basal compartment of the seminiferous tubules (Johnson et 
al. 2008).  
Spermatogenesis is highly dependent on Sertoli cells. Sertoli cells’ ability to regulate 
spermatogenesis is dependent on cell numbers and functions. The Sertoli cells provide 
structural and nutritional support to developing germ cells, produce proteins that regulate 
and/or respond to anterior pituitary hormone release and release sperm to the seminiferous 
tubule. Other functions of the Sertoli cells include phagocytosis of degenerating germ cells and 





Figure 1.6. Bull seminiferous tubules as viewed by brightfield microscopy. Seminiferous 
tubules are composed of myoid cells (MC), Sertoli cells (SC) and germ cells. The germ cells 
include A spermatogonia (A), pachytene primary spermatocytes (P), secondary spermatocytes 
(SS), Sa (Sa) and Sd1 (Sd1) spermatids. Bar length equals 10 µm (Staub and Johnson 2018).  
Myoid cells form in several layers to surround the seminiferous tubule (Bustos-Obregon 1976). 
The myoid cells are stellate-shaped and come into close contact with each other at some of 
their cell expansions, with gaps and tight junctions seldom seen between cells (Bustos-Obregon 
1976). 
Berndtson et al. (1987) found a clear relationship between Sertoli cell number and both testes 
size and daily sperm production. Sertoli cells support the germ cells. The maximum number of 
germ cells that can be supported a Sertoli cell differs between species, however within a species 
it is generally constant (Griswold 1998). Sertoli cells of some mature bulls, especially bulls 
with large numbers of Sertoli cells, can in theory, support additional germ cells (Berndtson et 
al. 1987).  Diet was shown not to affect the daily rate of spermatogenesis or Sertoli cell number 
in the bull (diets investigated included cottonseed and concentrate; Cerelli and Johnson 1999). 
It has largely been accepted that Sertoli cell numbers are stable in adult bulls and do not 
proliferate once mature numbers have been reached. There are reports that Sertoli cell number 
may proliferate in adults of some other species, such as the horse, where Sertoli cell number 






1.2.2 Leydig Cells  
The endocrine function of the testes involves the production of the steroids testosterone and 
dihyrotestosterone by the Leydig cells (Teerds and Huhtaniemi 2015). Leydig cells are located 
outside of the seminiferous tubules in the interstitial compartment of the early postnatal testes 
(Figure 1.7; Chen et al. 2017). Undifferentiated mesenchymal-like stem Leydig cells develop 
into adult Leydig cells (Chen et al. 2017). In mammals, the testosterone produced by the Leydig 
cells is essential for the development of the male reproductive system (Nef and Parada 2000), 
and for maintaining male fertility and spermatogenesis (Smith and Walker 2014).  
Leydig cell capacity reflects the numbers and differentiation status of the steroidogenic Leydig 
cells in the testes, and in non-seasonal breeders such as bulls, becomes largely fixed in early 
adulthood with the final establishment of the hypothalamo-pituitary-gonadal axis after puberty 
(Anand-Ivell et al. 2019). 
 
Figure 1.7. Diagram of cross section of bovine testis showing the interstitial, basal, and 
adluminal compartments, also included are Leydig cells, Sertoli cells and developing 
spermatozoa at different developmental steps, with formation of spermatogonia in the basal 




1.3 Spermatogenesis  
Spermatogenesis is the sum of events leading to production of spermatozoa within 
seminiferous tubules of the testes (Johnson 1991). Spermatogenesis is a finely regulated, 
lengthy and orderly process, which includes three phases; spermatocytogenesis, meiosis and 
spermiogenesis (Figure 1.8; Johnson et al. 2000). The lengths of these phases are constant and 
take 21, 23, and 17 days, respectively (Figure 1.8), leading to the whole process of 
spermatogenesis typically taking 61 days in total for the bull (Johnson et al. 2000). There is a 
likelihood that some variation exists around this. In healthy male humans, spermatogenesis was 
found to range between 42-76 days with an average of 64 days (Misell et al. 2006).  Misell et 
al. (2006) suggested that due to the variation found in human spermatogenesis, it may be 
possible that characteristics such as epididymal reserves may influence the duration of 
spermatogenesis. It is possible that such a phenomenon is possible for bull spermatogenesis, 
where events which alter epididymal reserves (such as ejaculation frequency) can alter 
spermatogenesis, although there has been no evidence of this to date. Clermont (1972) reported 
that in any given species, the phases of spermatogenesis each have a constant duration and 
occur in a rigid time-dependent manner. As the process of spermatogenesis takes 61 days, any 






Figure 1.8. Classification of cells at the different developmental steps in spermatogenesis 
(including spermatocytogenesis, meiosis, and spermiogenesis) combined to make the eight 
stages of the cycle of bull seminiferous epithelium. During spermatocytogenesis, A 
spermatogonia (A) enters cyclic (at 13.5-day interval) activity during stage III and undergo 
division to produce intermediate (In), B (B) spermatogonia, and leptotene primary 
spermatocytes (L). During meiosis, leptotene primary spermatocytes differentiate through 
zygotene (Z), pachytene (P), and diplotene (D) before the first meiotic division to produce 
secondary spermatocytes (SS), and the second meiotic division to produce Sa spermatids (Sa). 
During spermiogenesis, Sa spermatids differentiate through Sb1 (Sb1), Sb2 (Sb2), Sc (Sc), Sd1 
(Sd1), and Sd2 (Sd2) steps of development before spermiation as spermatozoa. The letters 
indicate the developmental step, and the numbers associated with each germ cell step indicate 
the developmental age of each cell type in the middle of each spermatogenic stage (Johnson et 





1.3.1 Spermatocytogenesis  
Spermatocytogenesis (also known as mitotic proliferation) is the first step of spermatogenesis, 
where germ cells engage in a series of mitotic divisions. These mitotic divisions renew stem 
cells and produce spermatogonia and primary spermatocytes (Staub and Johnson 2018).  
Primordial germ cells (derived from a small subset of embryonic epiblast cells) undergo a 
mitotic division to form type A1 spermatogonia (Rahman et al. 2018). A vital part of 
spermatocytogenesis is stem cell renewal, which is achieved by a proportion of the type A1 
spermatogonia reverting back to stem cells (Rahman et al. 2018). This ensures that there are 
stem cells from which the process can begin again, and that the stem cell population is not 
depleted. The rest of the type A1 spermatogonia divide by mitosis to form type A2, type A3 
and type A4 spermatogonia progressively (Johnson et al. 2000). The type A4 spermatogonia 
then divide (by mitosis) to form the intermediate spermatogonia (type Int) and then divide (by 
mitosis) to form type B spermatogonia. Finally, the type B spermatogonia undergo at least one 
or two more divisions to form the primary spermatocytes. This is the final output from the 
spermatocytogenesis phase of spermatogenesis. All divisions in spermatogenesis occur in the 






Figure 1.9. Stages of spermatogenesis in the bull (Rahman et al. 2018). 
1.3.2 Meiosis  
Meiosis allows for the exchange of deoxyribonucleic acid (DNA) between homologous 
chromosomes of primary spermatocytes (produced from spermatocytogenesis), and involves 
divisions that result in a  reduction of the chromosome number and produce four haploid round 
spermatids (Johnson et al. 2000). Meiosis is completed in two steps; Meiosis I and Meiosis II. 
In Meiosis I, reduction divisions occur to the primary spermatocytes (produced from 
spermatocytogenesis) to form the secondary spermatocytes (Parks et al. 2003). In this step the 
DNA is duplicated and cells undergo the progressive nuclear changes of meiotic prophase 
known as preleptotene, leptotene, zygotene, pachytene and diplotene before dividing and 
forming secondary spermatocytes (Rahman et al. 2018). In Meiosis II, the secondary 
spermatocytes undergo a division (meiotic) to form haploid cells known as round spermatids 
(Rahman et al. 2018). Meiosis steps occur in the adluminal compartment (inner side) of the 
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seminiferous tubules (Rahman et al. 2018). The first meiotic division can be seen as a reduction 
phase (as chromosome number is reduced and homologous chromosomes are separated), and 
the second meiotic division can be summarised as an equational division (as daughter 
chromatids are separated) (Staub and Johnson 2018).  
1.3.3 Spermiogenesis  
During spermiogenesis (which is also known as cytodifferentiation), the four haploid round 
spermatids produced previously by the meiosis step, differentiate into fully mature 
spermatozoa and are released into the lumen of the seminiferous tubules (Staub and Johnson 
2018). During spermiogenesis, nuclear chromatin condenses, the flagellum (sperm tail) forms 
and the acrosomal cap develops (Rahman et al. 2018). Similar to the meiosis phase, this phase 
of spermatogenesis also takes place in the adluminal compartment of the seminiferous tubules 
(Rahman et al. 2018). This is the final step in the spermatogenesis cycle (Figure 1.8).  
1.3.4 Seminiferous Epithelium Cycle  
By the beginning of the 20th century, the notion of the seminiferous epithelium cycle was well 
established in mammals, as reviewed by Staub and Johnson (2018). The seminiferous 
epithelium is composed of Sertoli cells and several generations of germ cells (earlier 
generations towards the basement membrane and later generations close to the lumen of the 
tubule; Figure 1.7). A generation of germ cells is used to describe a group of cells that are at a 
similar level of development (Clermont 1972).  
In the seminiferous epithelium, spermatogonia differentiate into spermatozoa through a series 
of  defined cellular associations at a particular location within the seminiferous tubules that 
follow on from each other in time, in a perfectly sequential and regular manner (Berndston and 
Desjardins 1974). Hence, its classification as a cycle. New generations of sperm cells 
commence spermatogenesis at constant time intervals, without waiting for the previous 
generations to fully complete spermatogenesis (Regaud 1901). Once cells commence 
spermatogenesis, the rate of differentiation is always the same, each step in the process is 
sequential and of fixed duration (Staub and Johnson 2018). The fate of a generation of cells in 
the seminiferous epithelial cycle is largely dependent on the development of other generations 
of neighbouring cells in a section of the seminiferous tubule (Staub and Johnson 2018). The 
cycle of the seminiferous tubules must repeat indefinitely and therefore cellular associations 
must follow each other in a fixed sequence. A particular generation of spermatids at a specific 
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step in the spermatogenesis process is always associated with the same type of spermatocytes 
and spermatogonia (Clermont 1972). Associations of different generations can be seen 
vertically in Figure 1.8.  
The cycle of the seminiferous epithelium has a duration of 13.5 days in the bull (Staub and 
Johnson 2018). It takes ~ 4.5 cycles to complete the process of spermatogenesis, which results 
in 64 spermatozoa being produced from one A spermatogonia (Amann 1962). The cycle of the 
seminiferous epithelial cycle can be classified in two different ways using the cellular 
associations. Splitting the cycle into eight sections, using spermiation as a reference point is 
the most common (Figure 1.8; Amann 1962). A second classification is possible involving 
splitting the cycle into twelve stages using meiotic divisions as a reference point, and based on 
the development of the acrosome, this approach is derived from classifications in mice and rats 
(Figure 1.10; Berndston and Desjardins 1974).  
  
Figure 1.10. Columns show cellular associations at each of the 12 stages of the cycle of the 
seminiferous epithelial cycle for a bull. A = type A spermatogonia; In = intermediate 
spermatogonia; B1 = type B1 spermatogonia; B2 = type B2 spermatogonia; PL = preleptotene 
primary spermatocytes; L = Ieptotene primary spermatocytes; Z = zygotene primary 
spermatocytes; P = pachytene primary spermatocytes (Berndston and Desjardins 1974).  
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1.3.5 Spermatogenetic Wave  
The spermatogenetic wave is a static method to describe the spatial arrangement of cell 
associations along the seminiferous tubule, it is not a dynamic description. This differs from 
the cycle of the seminiferous tubule which is a histological phenomenon at a given time and 
place in the seminiferous tubule (Staub and Johnson 2018). Spermatogenesis progresses along 
the tubule in a wave-like manner, hence why it is referred to as the spermatogenetic wave.  
The existence of the spermatogenetic wave in bulls (along with other mammalian species) was 
demonstrated by Benda (1887). Regaud (1901) developed the notion that the spermatogenetic 
wave was to space, what the cycle is to time, which was accepted by scientists for more than 
50 years, as reviewed by Staub and Johnson (2018). The spermatogenetic wave has since been 
described as a sequence of sections which show the complete cell association series that 
correspond to the stages of the seminiferous epithelial cycle; however, one or more 
modulations must be excluded from the sequence of sections considered (Perey et al. 1961). 
This disproved the notion developed by Regaud (1901). 
1.4 Epididymis  
Testicular sperm of bulls, produced by spermatogenesis, are infertile and cannot be considered 
as mature until they have obtained normal motility, fertility and capability to induce embryonic 
development (Amann 1987). Testicular sperm must undergo a sequential maturational process 
to acquire progressive motility and fertilising ability, part of which occurs in the epididymis 
(Caballero et al. 2010). The epididymis is a long and highly convoluted tubule tightly coiled 
over the testicular surface along one side, that connects the efferent ducts (where the sperm 
leave the testes) to the vas deferens (Caballero et al. 2010).  
The function of the epididymis in sperm maturation includes the acquisition of progressive 
motility ensuring sperm have a maximal potential to reach the site of fertilisation and fertilise 
oocytes. In addition, it maintains mature sperm, in optimal conditions until ejaculated or voided 
from the excurrent duct (Amann 1987). These functions occur in an orderly, timely and tissue 
sequential manner, and they are regulated by testosterone, dihyrotestosterone and epithelial 





1.4.1 Sections of the Epididymis  
The epididymis is split into three segments; the caput, corpus and cauda epididymis (Figure 
1.11). The caput epididymis (can also be referred to as the head of the epididymis) receives the 
sperm from efferent duct and is the first segment of the epididymis that sperm encounter. Much 
of the published work to-date on the function of different segments of the epididymis has been 
completed in rams and this is likely to be similar in bulls (Amann 1987). In rams, sperm from 
the distal caput epididymis have been shown to be essentially immotile, and did not fertilise 
oocytes following AI into the uterine horn, but did bind to ewe oocytes following in vitro 
incubation (Figure 1.12). 
Sperm progress from the caput into the corpus epididymis (also referred to as the body). Ram 
sperm from the central corpus epididymis resulted in embryonic death following fertilisation 
of oocytes, however, sperm from distal corpus epididymis (towards the end of the corpus 
segment) resulted in full term pregnancies after oocytes were fertilised (Fournier-Delpech et 
al. 1979; Amann 1987). The caput and corpus epididymis are involved in maintaining an 
environment which is appropriate for sperm maturation. 
The maturation of sperm as they progress into the cauda epididymis results in sperm function 
equivalent to that of ejaculated sperm (Fournier-Delpech et al. 1979; Amann 1987). The cauda 
epididymis stores the sperm prior to ejaculation and at the time of ejaculation, sperm are mixed 
with fluid secretions from accessory glands to form semen, as they pass through the vas 
deferens, ampulla and urethra progressively (Cunha et al. 2016). The cauda epididymis has the 
function of sperm storage and maintenance, which, in mammals is regulated by androgens and 
the low temperature of the scrotum (Bedford 2015). The cauda epididymis prevents premature 






Figure 1.11. Photograph of a bull epididymis. Different sections are identified: caput (B), 
corpus (C), and cauda (D). The vas deferens is also indicated (E) (Caballero et al. 2010).  
 
 
Figure 1.12. Diagram showing the sites of progressive sperm maturation in the epididymis of 
the ram, showing progressive changes to sperm function. Data for motility and oocytes with 
bound spermatozoa are based on in vitro studies while the pregnancy data are based on 
insemination into the uterine horn (Amann 1987). 
When investigating steroids which may have a role in sperm maturation in the epididymis, 
Ganjam and Amann (1976) found that the steroid profile was different for tissues at different 
segments of the epididymis (Figure 1.13). Epididymal sperm from bulls were shown to be more 
resistant to cooling, could maintain viability longer after thawing and have the same ability to 
bind to oviduct cell explants when compared to ejaculated sperm (Cunha et al. 2016). The main 
difference between epididymal sperm and ejaculated sperm is that epididymal sperm have not 
been in contact with fluids from accessory glands, which can affect the sperm physiology, 
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longevity and capacitation (Cunha et al. 2016). In an ejaculate, the fluid secretions from the 
accessory glands are added to the sperm and account for the majority of semen volume (Moura 
et al. 2006). Specific proteins such as osteopontin, spermadhesin and phospholipase A2 
expressed in secretions from the accessory glands, have been shown to account for some of the 
variation in bull fertility (Moura et al. 2006).   Henault et al. (1995) found that when cauda 
epididymis sperm were incubated with accessory sex gland fluid, ability of the sperm to 
penetrate oocytes was improved. Seminal plasma secreted by the accessory glands contains 
ions, lipids, energy substrates, organic compounds and proteins and acts as protective-nutritive 
media for the sperm which is essential for sperm transport and survival in the female 
reproductive tract (Juyena and Stelletta 2012). Bovine seminal plasma proteins have been 
shown to stimulate cholesterol efflux from sperm membranes (Thérien et al. 1998), which is 
an essential step of capacitation. Proteins in seminal plasma have also been shown to affect the 
oviductal epithelium binding by the sperm and to be able to restore this binding ability in 
capacitated sperm (Gwathmey et al. 2003). 
As sperm progress through the epididymis, they mature to finally reach the same functionality 
of ejaculated sperm. It is also clear that as sperm progress through the epididymis they are 





Figure 1.13. The distribution of testosterone (TESTO), dihydrotestosterone (DHT) and other 
17/3-OH androgens (OTHER) across zones of the epididymis and proximal ductus deferens in 
the nuclear (N) and cytoplasmic (C) fractions of tissue, means (±SEM) for eight epididymides 
sampled at the locations zones shown in the figure (Ganjam and Amann 1976).  
 1.4.2 Transit Time of the Epididymis  
The epididymis is responsible for sperm transport, maturation and storage (Caballero et al. 
2010). Barth (2007) reported that sperm are continuously produced by the testes, although there 
are some seasonal variations (Almquist et al. 1958; Amann et al. 1966), so in general a largely 
constant rate of sperm enters the epididymis. Sperm that have entered the epididymis can only 
be voided by ejaculation, micturition, masturbation, resorption or spontaneous emission (Barth 
2007). However, Amann et al. (1974) reported that few, if any, sperm are resorbed by the 
epididymis.  
Transit time of sperm through the epididymis is generally 8 to 11 days and depends on daily 
sperm output (Amann et al. 1974). Epididymal transit time in the study by Amann et al. (1974) 
was estimated by referring to the percentage of sperm in each section of the epididymis of bulls 
ejaculated frequently (six to eight times weekly) as reported by Almquist and Amann (1961). 
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Amann et al. (1974) estimated that sperm transit time through the caput, corpus, and cauda 
epididymis was about 2.8, 0.6, and 3.8 days, respectively, in bulls ejaculated frequently (six to 
eight times weekly). Transit time of sperm through the epididymis can be at least two days 
longer when a bull is sexually rested (Amann et al. 1974). 
Using rete testis cannulation Amann et al. (1974) reported that sperm transport through the 
epididymis can be affected by frequency of ejaculation, yet daily sperm production was not 
affected by frequency of ejaculation. Average daily testicular production of sperm was reported 
to be 13.1 billion in bulls aged 2 to 12 years (Almquist and Amann 1961). The percentage of 
sperm distributed in the caput, corpus, and cauda epididymis was similar across sexually active 
and sexually rested bulls (Almquist and Amann 1961). Amann et al. (1974) found that 
epididymal sperm reserves were greater in sexually rested bulls than in bulls ejaculated 
frequently. Almquist and Amann (1961) emphasised that sperm production and storage are not 
necessarily related and that  a single depletion event (about 20 ejaculates) would estimate extra-
gonadal sperm reserves but not sperm production by the testes.  
While it is generally accepted that the spermatogenesis process is fixed, the transport time of 
sperm through the epididymis can be altered by ejaculate collection frequency. It is unclear 
from published literature if the transit time through one segment is reduced or whether all 
sections are reduced. Additionally, it is unclear whether sperm transit time through the 
epididymis can be reduced even further than previously reported; however, due to the 
importance of the epididymis on sperm maturation, this is unlikely. If sperm transit times were 
dramatically reduced this may result in poor sperm function due to insufficient time spent in 
each section of the epididymis. It may be that with current practices (collecting ejaculates three 
times per week), sperm output by ejaculation does not match with the number of sperm entering 
the epididymis. Thus, excess sperm must be voided through urination as the epididymis cannot 
expand indefinitely to store surplus sperm production. It is reasonable to make a similar 
hypothesis regarding the ampulla; it cannot be expected to expand indefinitely to store surplus 
so excess sperm must be voided by urination. This would keep the sperm output per day in 
equilibrium with sperm production per day. Collecting ejaculates from bulls more frequently 
may simply void more of the sperm by ejaculation rather than urination. Schenk (2018) 
reported that depleting the reserve of sperm in the epididymis (which can be achieved by 
increasing ejaculate collection frequency), results in the cauda shrinking, which in turn reduces 
transport time due to fewer sperm being stored.  
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1.5 Vas Deferens and Ampulla 
The vas deferens (also called the ductus deferens; Figure 1.4), connects the cauda epididymis 
to the ampulla. The bull has two ampullae, one at the end of each vas deferens. The ampullae 
empty sperm into the urethra. The urethra is a common passage for the exit of urine and semen 
from the bull. Upon ejaculation, smooth muscle contraction of the cauda epididymis transports 
sperm into the vas deferens, and then smooth muscle contraction of the vas deferens transports 
sperm to the ampulla. Sperm are then emptied into the urethra by the two ampullae, where the 
sperm are mixed with fluid secretions from the accessory glands to form semen. Semen is 
voided by ejaculation through urethra of the penis (Figure 1.4; Senger 1997).   
The vas deferens continues from the cauda epididymis and is attached to the testis on the medial 
side by mesoductus (Hopper 2015). The vas deferens enters the abdominal cavity through the 
inguinal canal, and crosses the lateral ligament of the bladder before it widens and forms the 
ampulla (Hopper 2015). In the mature bull, the vas deferens is ~ 100 cm in length (Almquist 
and Amann 1961). Almquist and Amann (1961) found that the number of sperm in the vas 
deferens was 2.5, 0.6 and 1.4 x 10⁹ for groups of bulls that were (i) sexually rested for at least 
30-days, (ii) sexually rested for at least 30-days and then depleted of sperm though continuous 
ejaculation or (iii) frequently ejaculated for a period of six week (six or seven ejaculates 
weekly), respectively.  
The ampulla is described as an enlargement of the vas deferens that opens directly into the 
pelvic urethra (Senger 1997). The enlargement is caused by an increase in the mucosal 
proportion within the ampulla, with the mucosa forming numerous pockets (Senger 1997). The 
ampulla has been shown to be a multifunctional organ, involved in the nourishment, maturation 
and storage of sperm (Bergerson et al. 1994). Bergerson et al. (1994) found that sperm from 
the cauda epididymis had distinct differences to sperm from the ampulla in terms of the binding 
characteristic of a number of lectins.  Bergerson et al. (1994) also noted that most sperm from 
the ampulla had shed their cytoplasmic droplet, which also proves that the ampulla is involved 
in further sperm maturation.  The ampulla produces some of the osteopontin which is present 
in seminal plasma (Erikson et al. 2007). Osteopontin has been shown to have a role in 
fertilisation by interacting with the plasma membrane of the oocyte (Erikson et al. 2007). The 
ampulla is ~ 16.5 cm in length in the bull (Almquist and Amann 1961) and contained an average 
of 5.1, 1.5 and 1.9 x 10⁹ sperm for the groups of bulls (i), (ii) and (iii) described previously in 
the study by Almquist and Amann (1961), respectively. In the sexually rested group (i), total 
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sperm in the vas deferens and the ampulla was 7.6 x 10⁹, which is sufficient for at least one 
ejaculate (Almquist and Amann 1961), with groups (ii) and (iii) having considerably less sperm 
in these locations. This provides evidence othat the ampulla is a site of spem storage in the bull. 
In humans, half of the sperm in an ejaculate can come from the vas deferens and ampulla 
(Bedford 1994).  
Sterilised bulls (commonly referred to as teaser bulls) are often used on farms to detect cows 
in oestrus. Vasectomies are a common method used to sterilise bulls and involve a surgical 
procedure to identify, expose and ligate a 2-3 cm section of the vas deferens at each end (Gill 
1995). It may take a bull up to 30 days to clear all sperm from his reproductive tract after a 
vasectomy (Gill 1995; Morgan and Dawson 2008), so it is recommended that the teaser bull is 
not used for oestrus detection during this period. While transit time through the vas deferens 
and ampulla has not been investigated, based on the use of teaser bulls after vasectomies, it 
could take sperm up to one month to transit through the vas deferens and ampulla for a bull 
that is sexually rested. It is unclear if ejaculation of the vasectomised bull would reduce the 
time taken to clear the tract of sperm.    
1.6 Puberty and Sexual Maturation 
Puberty can be described as the age at which a bull is first capable of reproducing (Brito et al. 
2004), however is more often defined in bulls as the age at which an ejaculate is obtained with 
≥ 50 x 10⁶ sperm and ≥ 10% motile sperm (Wolf et al. 1965). Puberty usually occurs between 
35 and 49 weeks of age in Holstein bulls (Killian and Amann 1972; Almquist and Amann 
1976). The age of a bull at puberty can vary depending with genetics, breed and environmental 
conditions, especially nutrition (Picard-Hagen et al. 2002). While puberty is an important 
milestone in the sexual development of a bull, semen quality of an ejaculate at puberty is poor, 
and not of a commercial standard due to the low total sperm number in the ejaculate, a high 
proportion of sperm with morphological abnormalities and a low percentage of motile sperm 
(Wolf et al. 1965). Brito et al. (2004) found that at puberty in Nelore (B. indicus, reach puberty 
later at ~ 85 weeks of age) and Canchim (B. indicus x B. taurus, reach puberty at ~ 51 to 65 
weeks of age) bulls, ~ 60% of the sperm in an ejaculate exhibited sperm defects. However, 
during the first six weeks post-puberty, semen from beef (Hereford and Angus) bulls rapidly 
improved in quality, through increasing percentage of sperm with progressive motility and 
normal morphological heads while decreasing percent of sperm with proximal droplets 
(Lunstra and Echternkamp 1982). The bulls approached mature semen quality standards by six 
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weeks’ post-puberty. Lunstra and Echternkamp (1982) also found that some semen quality 
parameters increased more slowly, and did not reach mature standards until 16 weeks after 
puberty, such as percentage sperm with normal morphological acrosomes and sperm 
concentration.  
Sexual maturity can be described as the age at which a bull can be used for reproduction, either 
by naturally breeding cows or by producing semen for AI, which yields results of a satisfactory 
standard for the cattle breeding industry (Brito et al. 2004). Sexual maturity is reached when 
an ejaculate is obtained from a bull containing ≥ 70% morphologically normal sperm and with 
≥ 30% of sperm exhibiting progressive linear motility (Brito et al. 2004).  Sexual maturity was 
reached between 43 and 53 weeks of age in Holstein Friesian bulls (Dance et al. 2015; Harstine 
et al. 2015). Age, weight, and scrotal circumference were all equally predictive of sexual 
maturity status in B. indicus bulls (Brito et al. 2004).  
1.6.1 Onset of Puberty  
One of the most critical factors in the onset of puberty is the early rise in LH which occurs 
between 10 and 20 weeks of age in bulls (Figure 1.14; Rawlings and Evans 1995). From birth 
to six weeks of age (known as the infantile period), there is an absence of normal LH secretion, 
but during the transition period from the infancy phase to the pre-pubertal phase (six to 10 
weeks of age), the onset of normal episodic LH release occurs (Rodriguez and Wise 1989). 
Before week eight of the bull’s life, very little or no LH pulses were detected (Amann and 
Walker 1983). An increase in the frequency of pulsatile secretion of gonadotropin-releasing 
hormone (GnRH) causes the increase in LH pulse frequency (Rodriguez and Wise 1989). There 
is a gradual increase in testosterone as a result of increases in Leydig cell numbers and LH 
before ~ 20 weeks of age, after which there is a rapid rise in systemic testosterone 
concentrations that occurs in tandem with rapid testicular growth (Figure 1.14; Rawlings et al. 
2008). Evans et al. (1996) found that follicle-stimulating hormone (FSH) concentrations in 
circulating bulls were high early in the bull’s life, but decreased gradually between 14 and 30 
weeks of age. Rawlings et al. (2008) reports that commencement of sexual maturation in the 
bull is dependent on the early postnatal gonadotropin secretions. Bulls also have high levels of 
plasma anti-Müllerian hormone (AMH) concentrations for the first five months of life (Rota et 
al. 2002). The AMH concentrations decrease as the testosterone levels increase (Rota et al. 




Figure 1.14. Serum concentrations of reproductive hormones from birth to puberty in the bulls 
as reviewed by Rawlings et al. (2008). Horizontal lines indicate approximate timings of the 
activities shown. FSH = follicle-stimulating hormone, LH = luteinizing hormone and T = 
testosterone.  
1.6.2 Development of the Reproductive System  
Testes growth rate in the bull follows a sigmoid pattern (Rawlings et al. 2008), with a relatively 
slow growth rate up to 25 weeks of age, and rapidly from 25 weeks to puberty and then slowing 
until adult sperm output is achieved (Figure 1.15). 
Pre-pubertal bulls undergo a phase of Leydig cell proliferation from resident stem cells, which 
is then followed by phase of differentiation, this results in the number of persisting Leydig cells 
being fixed with only modest reduction throughout the bull’s life (Teerds and Huhtaniemi 
2015). Mitotic division of adult Leydig cells is extremely rare in mammals (Anand-Ivell et al. 
2019). Sertoli cell number has long been accepted as stable in adults with no proliferation of 
Sertoli cells in mature bulls (Johnson et al. 2008). Presumptive Sertoli cells increase in number 
from the week four to 20, during this time the seminiferous tubular diameter also increases 
(Sinowatz and Amselgruber 1986). After the 20th week, Sertoli cell number per cross-section 
of the tubule appears to decrease, this could be caused by loss of presumptive Sertoli cells 
during the process of lumen formation in the seminiferous tubule. The increase in diameter 
evidenced between week four and 20 is caused by the massive proliferation of germ cells 
(Sinowatz and Amselgruber 1986). Seminiferous tubules develop a lumen at ~ 25 weeks of age 
(Evans et al. 1996). Development of normal spermatogenesis must begin ~ 16 weeks of age. 
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The development of spermatogenesis processes takes ~ 16 weeks and most bulls have 
developed normal spermatogenesis by 32 weeks of age (Curtis and Amann 1981).  
The epididymis of the bull develops in a similar fashion to the testes, with slow growth initially 
followed by a period of rapid growth, however, in contrast to the testes, the epididymis grows 
continuously until 12 months of age (Macmillan and Hafs 1969). The capus epididymis 
undergoes the greatest growth, increasing in weight by 40 fold from birth to 12 months, while 
the corpus and cauda increased 20 and 26 fold, respectively (Macmillan and Hafs 1969). 
Macmillan and Hafs (1969) also investigated the vesicular gland development and found that 
vesicular weight declined from birth to one month and then increased steadily to four months 
of age, and that the greatest growth rate was between eight and nine months. Increases in citric 
acid and fructose in the content of vesicular gland fluid was gradual up to approximately six 
months, and increased at a greater rate thereafter (Macmillan and Hafs 1969).  
 




1.6.3 Factors Influencing Puberty  
As Sertoli cell number and Leydig cell numbers become stable at puberty, increasing maximum 
potential for sperm production becomes limited after this point. Thus, the pre-pubertal phase 
of a bull’s life has been investigated with a focus on the optimisation of management conditions 
(especially diet), which has also been shown to induce an earlier onset of puberty in bulls.  
Diet was shown to influence the metabolic hormones and metabolite profiles of bulls as they 
generally reflected the diet offered (Byrne et al. 2018). Bulls with a diet that contained levels 
of energy and protein higher than recommended during 2 to 31 weeks of life, resulted in bulls 
reaching puberty earlier and having larger testes when compared with bulls that were underfed 
(Dance et al. 2015). Brito et al. (2007) found that an improved nutritional diet in calfhood, 
resulted in bigger testicular weight and greater sperm production in mature bulls, and that these 
were likely caused by the more prolonged LH pulse frequency during calfhood. Restricted 
nutrition of bulls during calfhood, increased the age at which bulls reached puberty and reduced 
testicular development at maturity; LH secretion was also suppressed (Barth et al. 2008). 
Anand-Ivell et al. (2019) found that a high plane of nutrition fed for the first six months of life 
could advance puberty by ~ one month, but that nutrition post six months had no effect on the 
timing of puberty. Early life management conditions are clearly critical and have a lasting 
impact on the ability of the bull to produce semen. 
1.7 Ejaculate Collection Frequencies 
In order to maximise genetic gain and fully exploit the potential of genomic selection, 
genetically elite young dairy bulls must be identified, reach sexual maturation and have the 
capacity to produce high volumes of excellent quality semen as early in life as possible. 
However, younger bulls typically produce less semen with a lower sperm concentration than 
their older, more mature, counterparts and may not be able to meet demand for their semen 
using the standard collection frequency schedules. The management of these younger bulls is 
of utmost importance to ensure market demand for their semen can be satisfied. Ejaculate 
collection frequencies were found to be one of the most important management factors to affect 
the total sperm production of young dairy bulls in a commercial AI setting (Quick et al. 2021). 
The frequency of ejaculate collection from bulls is a subject of some debate in the literature, 
with various frequencies, ages and breeds investigated. 
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In commercial bull studs, bulls are typically collected three times a week, which is a 
compromise between the number of doses of semen produced and what is manageable by the 
staff of the AI centre (Staub and Johnson 2018). More intense/frequent ejaculate collection 
programmes are not implemented as it may not be feasible for the staff to collect semen from 
bulls more often, with large numbers of bulls on collection schedules. In seasonal systems that 
use natural breeding instead of AI, a stock bull is typically allocated 40 cows to mate. In this 
case, an average of approximately two cows will come on heat in a day and the bull will likely 
mate with each cow repeatedly. Bulls used for natural breeding will ejaculate multiple times 
more than bulls in an AI setting. 
Amann (1962) reported that average daily sperm output was 52% greater (2.17 billion versus 
1.43 billion) for Holstein bulls (~ 29 months old), when ejaculated at a more frequent rate (eight 
times per week) compared to a less frequent rate (two times per week). One limitation of this 
study was that bulls were split onto different ejaculate collection frequencies based on previous 
levels of sexual activity, with the bulls showing the highest level of sexual activity assigned 
the more frequent ejaculate collection rate (Amann 1962). Almquist and Amann (1976) found 
that between one and two years of age, Holstein bulls on a more frequent collection frequency 
(six times per week) produced 3.3 times more sperm per week and 3.5 times more motile sperm 
per week than bulls on a less frequent schedule (once per week). When investigating the long 
term effects (Holstein bulls beginning at one-year-old and continuing until seven years old) of 
ejaculation at a high frequency, Almquist (1982) found that three times more sperm were 
harvested per year on a higher ejaculate collection frequency (six times per week) and 
compared to a less frequent ejaculate collection frequency (one time per week). It was apparent 
that a more frequent ejaculate collection schedule, (2-day interval between collections) resulted 
in greater total sperm output on a time basis, when compared to a less frequent schedule (5-day 
interval between collections) in Holstein Friesian and Charolais bulls (Kanthiya et al. 2020). 
However, Kanthiya et al. (2020) found that on an ejaculate basis, the less frequent ejaculate 
frequency interval resulted in a significantly higher volume and concentration of sperm per 
ejaculate than the more frequent schedule.  
Schenk (2018) suggested that a “more youthful” population of sperm is available for 
ejaculation when semen is collected from bulls at a high frequency. Kanthiya et al. (2020) 
found that there was no significant difference of ejaculate collection frequencies on sperm 
motility and viability parameters. Almquist and Amann (1976) reported that by 13 to 24 weeks 
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after puberty, bulls collected six times a week had a higher proportion of ejaculates deemed 
acceptable for freezing than bulls collected once a week (85% vs 75%, respectively). Almquist 
and Amann (1976) also investigated semen characteristics of ejaculates from bulls at 42 to 104 
weeks of age and found sperm concentration was lower per ejaculate for bulls collected more 
frequently.  
As many of the more frequent ejaculate collection schedules involve the collection of more 
than one ejaculate in a day, it is important to investigate how these successive ejaculates might 
differ. The first ejaculates of the day had a greater semen volume, sperm concentration and 
total sperm number (TSN) per ejaculate than second ejaculates collected on the same day across 
a number of different breeds (Fuerst-Waltl et al. 2006; Bhakat et al. 2011; Murphy et al. 
2018a). The first ejaculates of the day had a greater pre-freeze total and gross motility when 
compared to the second ejaculate of the day (Murphy et al. 2018b). However, Fuerst-Waltl et 
al. (2006) did not report any difference on sperm motility of ejaculates collected on the same 
day from Simmental bulls. Although increased motility was reported pre-freeze by Murphy et 
al. (2018a), no differences were found on post-thaw motility between two ejaculates collected 
on the same day.   
The effect of semen collection frequency on field fertility has only been assessed in one study. 
Almquist (1982) found no differences on  60 to 90-day NRR with mature (four to eight years 
old) Holstein bulls on different long-term ejaculate collection frequencies (one ejaculate per 
week versus six ejaculates per week).  
One of the principle reasons to collect semen from AI bulls at a higher frequency than the 
current norm, is to obtain a greater output of semen. A common theme is evident across 
published literature that, if a bull is ejaculated more frequently, a greater number of sperm will 
be harvested over a defined period of time. However, per ejaculate, a lower frequency of 
collection yields greater sperm numbers. Schenk (2018) reported that best practice involves 
depleting sperm reserves on each day of collection, which is achieved by ejaculating each bull 
(allowing an adequate refractory period of ~ 30 min) until the raw ejaculate is < 800 x 10⁶ 
sperm/ml or volume < 1ml. Commercially however, this may not be possible due to personnel 
and time limitations. Also, in order to carry out frequent ejaculation (four to six times per week) 
over a long period of time, the bulls require more sexual preparation and stimulation to 
maximise sperm harvest when compared to bulls on a less frequent schedule (one to two times 
per week) (Almquist 1982). This will result in more time being taken by individual bulls and 
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reducing time available to collect others. It is probably for this reason that Schenk (2018) 
concluded that finite periods of aggressive semen collection, followed by a period of sexual 
rest, is the most efficient use of labour, reduces sexual boredom in bulls and obtains higher 
quality sperm. Whether commercial AI centres can incorporate such changes to busy collection 
schedules remains to be determined.  
1.8 Objective  
With the trend to use younger bulls for AI, it is important to ensure management protocols are 
optimised, particularly the ejaculate collection frequency of these young bulls.  Most studies 
focusing on ejaculate collection frequency to-date have focused on mature bulls and those that 
have focused on young peri-pubertal bulls have used modest collection frequencies. There are 
no published studies showing the effect of collection frequency on field fertility. Thus, the 
objective of this study was to assess the effect of ejaculate collection frequency of young dairy 
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Younger bulls typically produce less semen with a lower sperm concentration than their older, 
more mature, counterparts and often fail to meet semen demand using standard collection 
frequency schedules. The objective of this study was to assess the effect of ejaculate collection 
frequency on semen output, sperm quality and field fertility in young bulls under commercial 
conditions. Holstein Friesian bulls aged 366 ± 8 days (mean ± SEM) were assigned one of two 
ejaculate collection frequencies; namely a high frequency of ejaculate collection (HF, n=14 
bulls), where ejaculates were collected twice a day, five days in each two-week period and a 
low frequency of ejaculate collection (LF, n=12 bulls) where ejaculates were collected once a 
day, two days per week. The trial period continued until each bull reached 20 ejaculates and 
1000 marketable frozen semen straws. Subjective motility was assessed on all ejaculates pre-
freeze and post-thaw (both immediately and post-stress where sperm were held at 37oC for 2 
h). A subset of ejaculates was assessed post-thaw for motility, kinematics and morphological 
defects by computer-assisted sperm analysis (CASA) and for viability, membrane fluidity, 
acrosome integrity, reactive oxygen species and DNA fragmentation by flow cytometry. A total 
of 13,846 inseminations (9,541 for HF and 4,305 for LF) were carried out on dairy cows and 
heifers. HF reached 1000 straws 41 days earlier than LF (P < 0.01), with the same number of 
ejaculates. Ejaculate volume and sperm concentration were not affected by treatment but the 
first ejaculate of the day (HF only) had a greater volume (P < 0.001) and sperm concentration 
(P < 0.05) than the second ejaculate. HF had higher pre-freeze total (P < 0.01) and gross (P < 
0.05) motility than LF. HF had higher post-stress total and gross motility than LF (P < 0.05). 
Ejaculate rejection rates did not differ significantly between treatments. There was no effect of 
treatment, week or ejaculate number of the day (HF only) on post-thaw motility and kinematic 
parameters or sperm viability, membrane fluidity, acrosome integrity and DNA fragmentation. 
However, HF had lower superoxide production than LF (P < 0.05). Pregnancy rates were 64.5 
± 1.0% and 59.9 ± 1.1% for the HF and LF bulls, respectively (mean ± SEM; P = 0.05). In 
conclusion, collecting ejaculates more frequently from young bulls, significantly reduced the 
number of days to obtain 1000 straws, increased semen quality in terms of lower superoxide 





2.1 Introduction  
The cattle breeding industry has been transformed by the use of AI, which has increased 
distribution of semen from genetically elite sires, thus accelerating genetic improvement 
(Diskin 2018). Genetically elite sires are typically the youngest bulls and in bull studs greater 
than half of bulls presented for semen collection can be less than 15 months of age (Schenk 
2018). This is caused by the trend in the AI industry to market semen from younger 
genomically selected bulls, which due to their age, have limited ability for sperm production 
and often fail to meet market demands (Schenk 2018). Many breeding studs worldwide strive 
to achieve approximately 1000 straws from a young bull as early as possible, in order to 
conduct progeny testing and to evaluate the field fertility of the bull. It is unclear whether 
management protocols developed over the last 50+ years for mature bulls are suitable for young 
bulls, to ensure semen production from young bulls is optimised without negatively affecting 
sperm quality or field fertility. 
Schenk (2018) reported that higher quality sperm can be obtained by aggressively collecting 
young bulls for finite periods, followed by a period of sexual rest, which is also the most 
efficient use of labour and reduces sexual boredom in bulls. Picard-Hagen et al. (2002) found 
that frequent ejaculate collection (twice a day, three days in each two-week period) from 
Holstein bulls that commenced collection at younger age (< 410 days of age), reduced time to 
a target number of insemination doses, compared to bulls that commenced collection at an older 
age (> 410 days of age). In this study, early collection of ejaculates reduced time to 600 semen 
doses by 40 days which is of economic and technical interest in bull studs, but did not assess 
field fertility. 
Kanthiya et al. (2020) compared a 2-day and 5-day collection interval between ejaculates of 
Holstein Friesian and Charolais mature bulls, and found that the longer interval between 
ejaculates resulted in a greater semen volume, sperm concentration and membrane integrity, 
but had no effect on sperm motility or viability. Ejaculation frequency did not affect testes 
histology or spermatogenesis in mature Holstein bulls (~ 29 months of age), but the response 
could be different in younger bulls (Amann 1962). Holstein bulls (~ 29 months of age) that 
ejaculated eight times per week had 52% greater sperm output than bulls that ejaculated twice 
a week (Amann 1962). Almquist and Amann (1976) assessed ejaculate collection frequencies 
in two groups of Holstein bulls. In one group, bulls were ejaculated once every two weeks from 
puberty to one year and then once per week from one to two years of age. In the experimental 
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group, bulls were ejaculated three times per week from puberty to one year and then six times 
every week (consisting of two collections on each of three days weekly) from one to two years 
of age. Average daily live weight gain was not affected by ejaculation frequency, while the 
higher frequency of ejaculate collection increased the proportion of ejaculates deemed 
acceptable for freezing between 13 to 24 weeks post-puberty (Almquist and Amann 1976). 
Almquist and Amann (1976) also found that between one and two years of age, the higher 
collection frequency group produced 3.3 times more sperm per week and 3.5 times more motile 
sperm per week. Almquist (1982) investigated the effects of ejaculation at a high frequency 
over a long duration (six ejaculates weekly compared to one ejaculate weekly over seven years) 
on Holstein bulls. Almquist (1982) found no detrimental effects on growth, reproductive 
development, performance or fertility due to frequency of ejaculate collection. While the higher 
frequency of ejaculation maximised the output of sperm per week, bulls required more sexual 
preparation and stimulation to implement the higher frequency of ejaculate collection over a 
long period of time (Almquist 1982). 
Many studies to date have focused on ejaculate collection frequency in more mature bulls and 
those that have focused on young peri-pubertal bulls have used modest collection frequencies. 
No publications have investigated how field fertility was affected by the ejaculate collection 
frequencies of young bulls. Thus, the objective of this study was to assess the effect of ejaculate 
collection frequency of young dairy bulls used in AI on semen output, sperm quality and field 
fertility.  
2.2 Material and Methods  
All protocols were implemented in accordance with the Cruelty to Animals Act (Ireland 1876, 
as amended by European Communities regulations 2002 and 2005) and the European 
Community Directive 86/609/EC. All chemicals were purchased from Sigma Aldrich (Arklow, 
Wicklow, Ireland), unless otherwise specified. 
2.2.1 Experimental Design  
Peri-pubertal Holstein Friesian bulls, aged 366 ± 8 days (mean ± SEM), were balanced across 
two different ejaculate collection frequencies based on age, location (two collection centres) 
and quality of first ejaculate (motility, volume and concentration). The ejaculate collection 
frequencies assessed were, HF whereby ejaculates were collected from bulls (n=14) twice a 
day, five days in each two-week period (10 collections over two weeks) and LF whereby 
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ejaculates were collected from bulls (n=12) once a day, two days per week (four collections 
over two weeks). Bulls were trained to ejaculate into an artificial vagina (AV) prior to the 
commencement of the trial. The trial period began when the first ejaculate was collected from 
each bull and continued until each bull reached 20 ejaculates and 1000 acceptable semen doses. 
The 1000 doses were selected as this is an industry standard to ensure enough straws for 
progeny and fertility testing of young bulls. The 20 ejaculates were chosen to ensure each bull 
would remain on the trial for at least 20 collections.  
The effect of treatment, ejaculate number of the day (HF only) and cumulative ejaculate 
number (begins with number one for the bulls’ first ejaculate and increases by one with each 
subsequent ejaculate and captures bulls getting older) were investigated from the laboratory 
production data. The laboratory production data included ejaculate volume, sperm 
concentration, total sperm number (TSN) and pre-freeze subjective motility and were recorded 
for each ejaculate on the trial. Post-thaw and post-stress subjective motility were assessed on 
all ejaculates that passed pre-freeze minimum thresholds.  
A subset of ejaculates (one straw per ejaculate) was assessed post-thaw by CASA and flow 
cytometry. The subset analysed included the HF group in week four on trial (two ejaculates 
from the same day) and LF group in week four (one ejaculate) and week 10 (one ejaculate) on 
trial. This allowed ejaculates to be compared across treatments, at a similar time on treatment 
and at a similar number of ejaculates on a treatment. Week four was selected for both treatments 
because at this point bulls were on the trial four weeks, this allowed bulls to be compared at a 
similar period of time (four weeks) into the trial. Week 10 on the LF was chosen to allow LF 
to be compared with HF at the same ejaculates number on trial; bulls on HF had 20 ejaculates 
by week four and bulls on LF had 20 ejaculates by week 10; this allowed bulls to be compared 
at a similar number of ejaculates (20 ejaculates) into the trial. 
2.2.1.1 Animal Management  
Bulls were individually housed on straw bedding in two separate barn locations under ambient 
(unregulated) temperature. Bulls in both barn locations were fed and maintained under similar 
management and feeding conditions. Bulls were fed a standard ration of 85% dry matter 





2.2.1.2 Semen Collection, Processing and Subjective Evaluation   
All bulls were sexually stimulated using a teaser bull and allowed to false mount a minimum 
of three times. The time between each false mount varied between individual bulls and was 
determined by an experienced barn technician. Time between each false mount typically was 
no longer than three min. Semen was collected from all bulls using an AV, once bulls were 
deemed to be sufficiently stimulated. This method of stimulation and collection was similar for 
all collections, regardless of the ejaculate number and location, and remained constant for the 
trial period. When a second ejaculate was collected from a bull on the same day (HF treatment 
only) it was typically collected within one hour of the first ejaculate.  
Ejaculates were kept separate throughout and were initially partially diluted in 5 or 10 ml pre-
warmed (37°C) BullXcell extender (IMV Technologies, L’Aigle, France), depending on 
estimated volume and transported in a temperature-regulated box at 18°C to the laboratory 
(within three hours). On arrival, the ejaculate was assessed for weight to determine volume and 
sperm concentration using a coulter counter (Z Series; Beckman Coulter, O'Callaghans Mills, 
Clare, Ireland). Total motility was assessed using a phase contrast microscope (BX41; 
Olympus, Centre Valley, PA, USA) at a magnification of 400×. A droplet (5 µl) of the fresh 
diluted semen was placed on a pre-warmed glass slide and covered with a pre-warmed 
coverslip (18 × 18 mm; 37°C). Total motility was assessed by counting a minimum of 100 
sperm over at least five different fields of view. Gross motility was evaluated by assessing the 
swimming pattern of the entire sperm sample on a 5-point scale: 1 = twitching/no forward 
progressive motility; 5 = excellent forward progressive motile sperm. This ensured that all 
semen samples were of a commercial standard. Initial quality control cut-off values were a total 
and gross motility of ≥ 70% and a score of ≥ 3, respectively. Any ejaculates failing to meet 
these criteria were rejected for commercial production but the data were included in this study  
(Murphy et al. 2018a). 
Following in vitro assessments, if the ejaculate was deemed to reach commercial standards, the 
ejaculate was fully extended in pre-warmed BullXcell (18°C) to a final concentration of 15 × 
10⁶ sperm per 0.25-ml semen straw (IMV Technologies). Straws were filled, sealed, and 
printed as per routine procedures using the IS4 instrument (18°C; IMV Technologies). Straws 
from each ejaculate were then cooled, frozen and stored in liquid nitrogen as per Murphy et al. 
(2017). Four straws from each ejaculate of each bull were assessed immediately post-thaw and 
again after being maintained at 37 ⁰C for two hours (referred to as post-stress), via standard 
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microscopic techniques for total and gross subjective motility as previously described. There 
were no cut-off thresholds for immediate post-thaw analysis, as all ejaculates were also 
analysed post-stress. Post-stress quality control cut-off values were a total and gross motility 
of ≥ 40% and a score of ≥ 3, respectively. If an ejaculate did not reach these minimum 
thresholds it was rejected and was not released for use in the field. 
2.2.2 Computer Assisted Sperm Analysis of Frozen-Thawed Sperm  
Motility and kinematic parameters, as well as morphological defects, of one straw per ejaculate 
were assessed by CASA using the IVOS-II Computer Assisted Sperm Analyzer (IMV 
Technologies) system driven by software version 14 (Hamilton Thorne Inc., Beverly, MA) as 
described by Murphy et al. (2018b). In brief, straws (n = one per ejaculate) were thawed and 
the contents expelled to a 1.5 ml tube and a drop (6 µl) of diluted semen was placed in a pre-
warmed chamber (37⁰C; Leja counting chamber, 2 chambers, depth 20 µm; Microptics, 
Barcelona, Spain). A minimum of 1000 sperm were analysed in at least eight random 
microscopic fields with 30 frames acquired per field at a frame rate of 60 Hz. Total and 
progressive motility were analysed along with amplitude of lateral head displacement (ALH), 
beat cross frequency (BCF), linearity (LIN), straightness (STR), average path velocity (VAP), 
curvilinear velocity (VCL), straight line velocity (VSL) and wobble (WOB). In the settings, 
VAP was classified as >20 μm/s, progressively motile sperm were classified as sperm with 
straightness of >80% and VAP >50 μm/s. Morphological defects measured were the proportion 
of sperm with proximal droplets, distal droplets, distal midpiece reflex (DMR), coiled tails and 
bent tails, out of total sperm counted. 
2.2.3 Flow Cytometric Analysis of Frozen-Thawed Sperm 
Prior to flow cytometric analysis, semen straws (n = one per ejaculate) were thawed and the 
contents washed to remove egg yolk by centrifugation (300 x g for 5 min), and resuspended in 
tyrosine albumin lactate pyruvate (TALP; 99mM NaCl; 3.1mM KCl; 25mM NaHCO₃; 0.4mM 
NaH₂PO₄; 1.1mM MgCl₂; 2mM CaCl₂; 10mM Hepes; 1mM sodium pyruvate; 25.4mM sodium 
lactate; 6 mg/ml bovine serum albumin; pH 7.2). To detect viability, membrane fluidity and 
acrosome integrity, the sperm suspension was diluted to a concentration 2 x 10⁶ sperm per ml 
with TALP and incubated with a combination of fluorochromes namely; 4′,6-Diamidino-2-
phenylindole dihydrochloride (DAPI; 3 µM; assessed viability), Merocyanine 540 (M540; 0.8 
µM; assessed membrane fluidity), Lectin peanut agglutinin (PNA) from Arachis hypogaea 
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conjugated with Alexa Fluor™ 647 (0.5 µg/ml, ThermoFisher Scientific, Waltham, MA USA; 
assessed acrosome integrity) for 15 min at 37°C, in the dark. Subsequently, samples were 
subjected to flow cytometry analysis by a CytoFlex flow cytometer (Beckman Coulter) 
equipped with violet (405 nm), blue (488 nm) and red (635 nm) lasers. Data were collected on 
10,000 gated events. Excitation of fluorescence was carried out by the blue (488 nm) and red 
(635 nm) lasers and detected by the following filters 450/45BP, 585/42BP and 690/50BP. The 
analysis of the flow cytometry data was excuted using the software CytExpert, version 2.3.0.84 
(Beckman Coulter). 
To assess superoxide production, a sperm suspension was diluted to a concentration 2 x 10⁶ 
sperm per ml with TALP and incubated with the fluorescence probe MitoSOX™ Red (2.5 µM, 
ThermoFisher Scientific) and counterstained with SYTOX™ Green Nucleic Acid Stain (30 
nM, ThermoFisher Scientific) and Hoechst 33342 (1 µg/ml, ThermoFisher Scientific). After 
20 min incubation at 37 °C in the dark, flow cytometry analysis was performed with data 
collected on 10,000 gated events. Excitation of fluorescence was carried out by the blue (488 
nm) laser and detected by the following filters 450/45BP, 525/40BP and 660/10BP. 
Sperm chromatin structure assay was conducted according to the protocol described by 
Evenson and Jost (2000). This method is based on the vulnerability of sperm DNA to acid-
induced denaturation in situ and subsequent metachromatic staining with acridine orange (AO). 
The DNA fragmentation index (DFI %) along with high DNA stainability (HDS %) were 
assessed as an indicator of chromatin immaturity. The sperm were diluted at a concentration of 
2 x 10⁶ sperm per ml with Tris-NaCl-EDTA buffer (TNE; 0.15 M NaCl; 0.01 M Tris HCl; 1 
mM EDTA; pH 7.4), immediately frozen in liquid nitrogen and stored at -80°C. On the day of 
analysis, 200 µl of the thawed sample was incubated with 400 µl of acid detergent (0.08 M 
HCl; 0.15 M NaCl; 0.1% Triton-X-100; pH 1.4) for 30 sec and stained with 1.2 ml of AO 
(0.037 M citric acid; 0.126 M Na₂HPO₄; 0.0011 M disodium EDTA; 0.15 M NaCl, 6µg/ml 
acridine orange; pH 6.0) for 2 min. The samples were immediately analysed. Data were 
collected from 5,000 gated events. Excitation of AO was carried out with a blue laser (488 nm), 
the fluorescence signal was detected by 525/40BP and 610/20BP. 
2.2.4 Field Fertility  
Semen straws were released to the field once they were deemed to meet acceptable minimum 
thresholds and after a quarantine period of 30 days. Field fertility data were captured through 
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the Irish Cattle Breeding Federation (ICBF) whereby inseminations, including repeat 
inseminations, were recorded by technicians performing AI on a handheld electronic device. 
Data were uploaded each night to a central national database. Field fertility was captured as an 
average phenotypic pregnancy rate, which was defined as pregnancy to a given service 
identified retrospectively where a repeat service (or a pregnancy scan) deemed the animal not 
to be pregnant to the said service. Cows/heifers which were culled or died on farm were 
omitted. The data were adjusted for various factors, including herd, parity of cow, month of 
service, day of the week when serviced, individual cow effects and AI technician effect, and 
weighted for number of service records (Al Naib et al. 2011). Inseminations were carried out 
on dairy cows and heifers and only inseminations carried out over a five-month period after 
the trial period were included in the final analysis.  
2.2.5 Statistical Analysis  
Data were analysed using appropriate procedures of Statistical Analysis Software (SAS version 
9.4, Cary, NC, USA). Data were tested for normality of distribution (UNIVARIATE 
procedure) and, where appropriate, transformed to the power of lambda (TRANSREG 
procedure). Age at first collection, number of days and ejaculates to 1000 straws accepted, and 
ejaculate rejection rates were analysed using ANOVA (MIXED procedure). Treatment was 
included as a fixed effect. Age at first collection was included as a covariate for days and 
ejaculates to 1000 straws and ejaculate rejection rates. Ejaculate volume, concentration per ml, 
TSN and motility pre-freeze and post-thaw and stress were analysed using the MIXED 
procedure. Treatment, cumulative ejaculate number, ejaculate number (within day for HF) and 
their interactions were included as fixed effects. Age on the day of collection was included as 
a covariate for volume, concentration, TSN and motility pre-freeze, post-thaw and post-stress 
variables. Cumulative ejaculate number was included as a repeated term. The covariance 
matrix was determined for each variable by examining the Bayesian In-formation Criteria 
(BIC; smaller is better) value. CASA and flow cytometry data were analysed using the MIXED 
procedure. Treatment, ejaculate number (within day for HF), week and their interactions, where 
appropriate, were included as fixed effects. Week on trial was included as a repeated term. 
Field fertility was analysed using the GLIMMIX procedure with a binary logit function. 
Treatment was included as a fixed effect. The bull was the experimental unit in all analyses. 
The disparity in the number of inseminations between treatments was accounted for in the 
statistical model. All values are presented as mean ± SEM unless otherwise stated. 
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2.3 Results  
2.3.1 Semen Output 
There was an effect of treatment on the number of days on trial taken to achieve 1000 straws 
accepted (P < 0.01, Table 2.1). Bulls on HF reached 1000 straws accepted 41 days earlier than 
the LF bulls. Treatment did not affect the number of ejaculates until 1000 straws were accepted 
(P > 0.05, Table 2.1). There was no difference between treatments on the percentage of 
ejaculates rejected pre-freeze or post-thaw (P > 0.05, Table 2.1).  
Table 2.1: The effect of ejaculate collection frequency treatment on semen straw output and 
rejection rates of ejaculates. (Values are mean ± SEM, n = number of bulls). 
Parameter 
Treatment 
Mean ± SEM 
P – value 
HF 
n = 14 
LF 
n = 12 
Effect of 
Treatment 
Days on trial until 1000 
straws accepted 
23 ± 10.4 64 ± 11.2 P < 0.01 
 
Ejaculates on trial until 
1000 straws accepted 
 
14 ± 2.5 15 ± 2.7 Ns 
Rejected pre-freeze (%) 
 
10 ± 4.5 17 ± 4.8 Ns 
Rejected post-thaw (%) 
 
11 ± 2.7 14 ± 3.0 Ns 
HF = high frequency of ejaculate collection, LF = low frequency of ejaculate collection. rejected pre-freeze 
(%) = percent of total ejaculates collected that were rejected pre-freeze, rejected post-thaw (%) = percent of 







2.3.2 Semen Analysis Pre-Freezing  
Ejaculate volume was not affected by treatment, but was affected by cumulative ejaculate 
number and ejaculate number of the day (HF only) with the first ejaculate of the day having a 
0.6 ml higher volume than the second ejaculate (P < 0.001; Table 2.2). Ejaculate concentration 
and TSN were not affected by treatment or cumulative ejaculate number, but were affected by 
ejaculate number of the day (HF only). This was represented by the first ejaculate having a 
greater concentration of sperm (P < 0.05) and TSN (P < 0.001) than the second ejaculate (Table 
2.2). Ejaculates from bulls on HF had a higher pre-freeze total motility and gross motility than 
LF bulls (P < 0.01; Table 2.2). Total and gross motility were not affected by cumulative 
ejaculate number (P > 0.05). In the HF treatment, the first ejaculate had a greater pre-freeze 
total motility than the second ejaculate (P < 0.05; Table 2.2) although gross motility was not 
















Table 2.2: The effect of collection frequency treatment (Trt) on laboratory production 
parameters including semen volume, sperm concentration, total sperm number (TSN) per 
ejaculate and pre-freeze motility. (Values are mean ± SEM. n = number of bulls). 
Parameter 
Treatment 
Mean ± SEM 
P – value 
HF 
Ejac 1 
n = 14 
HF 
Ejac 2 
n = 14 
LF 








2.4 ± 0.10 1.8 ± 0.11 3.0 ± 0.08 ns P < 0.001 
Sperm 
concentration 
(x 10⁶ /ml) 
946 ± 65.6 816 ± 67.0 939 ± 69.6 ns P < 0.05 
TSN (x 10⁶) 2246 ± 221.2 1516 ± 227.3 2846 ± 232.1 ns P < 0.001 
Pre-freeze total 
motility (%) 




4.1 ± 0.09 4.0 ± 0.09 3.6 ± 0.10 P < 0.01 Ns 
HF = high frequency of ejaculate collection, LF = low frequency of ejaculate collection, Ejac 1 = first ejaculate 
of the day, Ejac 2 = second ejaculate of the day, Effect of trt. = effect of treatment = comparing HF and LF, 
Effect of ejac. no. * = effect of ejaculate number of the day (for HF only),  







2.3.3 Subjective Semen Analysis Post-Thawing 
There was no effect of treatment, cumulative ejaculate number or ejaculate number (HF only) 
on post-thaw total or gross motility (P > 0.05; Table 2.3). However, post-stress the HF had 
higher total motility than LF (P < 0.05). HF also had higher post-stress gross motility than LF 
(P < 0.05). Post-stress total and gross motility were not affected by cumulative ejaculate 
number or ejaculate number of the day (HF only; P > 0.05). 
Table 2.3: The effect of collection frequency treatment (Trt) on post-thaw and post-stress 
motility. (Values are mean ± SEM. n = number of bulls). 
Parameter 
Treatment 
Mean ± SEM 
P – value 
HF 
Ejac 1 
n = 14 
HF 
Ejac 2 
n = 14 
LF 








52.3 ± 0.71 51.5 ± 0.75 50.6 ± 0.73 ns Ns 
Post-thaw gross 
motility (1-5) 
3.3 ± 0.04 3.3 ± 0.04 3.2 ± 0.04 ns Ns 
Post-stress total 
motility (%) 




3.2 ± 0.07 3.1 ± 0.07 3.0 ± 0.07 P < 0.05 Ns 
HF = high frequency of ejaculate collection, LF = low frequency of ejaculate collection, Ejac 1 = first ejaculate 
of the day, Ejac 2 = second ejaculate of the day, Effect of trt. = effect of treatment = comparing HF and LF, 
Effect of ejac. no. * = effect of ejaculate number of the day (for HF only),  




2.3.4 Post-Thaw Motility, Kinematics and Morphology as Assessed by Computer Assisted 
Sperm Analysis 
The motility and progressive motility did not differ across treatment, week on trial, ejaculate 
number on trial or ejaculate number of the day (HF only; P > 0.05, Table 2.4). Similarly, all 
other CASA kinematic parameters investigated were not different across treatment, week on 
trial, ejaculate number on trial or ejaculate number of the day (P > 0.05, Table 2.5). The 
proportion of sperm with proximal droplets, distal droplets, DMR, coiled tail and bent tail as 
assessed by CASA were not different across treatment, week on trial, ejaculate number on trial 

















Table 2.4: The effect of collection frequency treatment on sperm post-thaw motility and 
morphological parameters as assessed by computer assisted sperm analysis. (Values are mean 
± SEM, n = number of bulls). 
Parameters 
Sub-Treatment 

















n = 13 n = 13 n = 10 n = 12 
Total Motility (%) 42.8 ± 3.37 43.9 ± 3.37 38.9 ± 3.84 46.4 ± 3.50 ns 
Progressive 
Motility (%) 
33.4 ± 2.95 34.2 ± 2.95 29.4 ± 3.36 35.9 ± 3.07 ns 
Proximal Droplets 
(%) 
1.2 ± 0.19 1.1 ± 0.19 1.4 ± 0.21 0.9 ±0.19 ns 
Distal Droplets (%) 3.5 ± 0.51 3.3 ± 0.51 4.7 ± 0.58 3.8 ± 0.53 ns 
DMR (%) 3.4 ± 0.25 3.0 ± 0.25 3.7 ± 0.29 3.0 ± 0.26 ns 
Coiled Tail (%) 0.2 ± 0.05 0.2 ± 0.04 0.3 ± 0.05 0.2 ± 0.05 ns 
Bent Tail (%) 2.9 ± 0.44 2.6 ± 0.44 3.7 ± 0.50 3.8 ± 0.45 ns 
HF = high frequency of ejaculate collection, LF = low frequency of ejaculate collection. Week 4 and Week 10 = 
week 4 and week 10 since trial began respectively. Ejac 1 = first ejaculate of the day, Ejac 2 = second ejaculate 
of the day (HF only). DMR = distal mid-piece reflex, ns = non-significant. Effect of treatment * = effect of 
treatment, week and ejaculate number of the day (high treatment only) and their interactions investigated for each 





Table 2.5: The effect of collection frequency treatment on sperm post-thaw kinematic 
parameters as assessed by computer assisted sperm analysis. (Values are mean ± SEM, n = 
number of bulls). 
Parameters 
Sub-Treatment 

















n = 13 n = 13 n = 10 n = 12 
ALH (µm) 8.7 ± 0.36 8.3 ± 0.36 8.7 ± 0.42 8.5 ± 0.38 ns 
BCF (Hz) 33.6 ± 0.77 34.4 ± 0.77 33.4 ± 0.88 34.1 ± 0.80 ns 
LIN (%) 47.5 ± 1.43 49.3 ± 1.43 47.4 ± 1.63 48.7 ± 1.49 ns 
STR (%) 81.6 ± 1.07 83.0 ± 1.07 81.3 ± 1.22 81.6 ± 1.11 ns 
VAP (µm/s) 113.0 ± 3.14 114.6 ± 3.14 111.7 ± 3.58 112.5 ± 3.27 ns 
VCL (µm/s) 203.6 ± 6.68 200.6 ± 6.68 202.0 ± 7.61 199.8 ± 6.95 ns 
VSL (µm/s) 95.8 ± 3.11 99.0 ± 3.11 93.8 ± 3.55 94.8 ± 3.24 ns 
WOB (%) 56.4 ± 1.07 57.7 ± 1.07 56.5 ± 1.21 57.8 ± 1.11 ns 
HF = high frequency of ejaculate collection, LF = low frequency of ejaculate collection. Week 4 and Week 10 = 
week 4 and week 10 since trial began respectively. Ejac 1 = first ejaculate of the day, Ejac 2 = second ejaculate 
of the day (HF only). ALH = amplitude of lateral head displacement, BCF = beat cross frequency, LIN = linearity, 
STR = straightness, VAP = average path velocity, VCL = curvilinear velocity, VSL = straight-line velocity, WOB 
= wobble, ns = non-significant. Effect of treatment * = effect of treatment, week and ejaculate number of the day 







2.3.5 Flow Cytometric Analysis  
Treatment, week on treatment, ejaculate number on treatment and ejaculate number of the day 
(HF only) had no effect on the percentage of viable sperm, percentage of viable and acrosome 
intact sperm, percentage of viable and low membrane fluidity sperm, percentage DFI and 
percentage HDS (P > 0.05; Figure 2.1). However, there was an effect of treatment on 
superoxide production with the HF treatment having lower superoxide production than the LF 







Figure 2.1: The effect of treatment (trt), week on treatment and ejaculate number of the day 
(HF only) on viable % (A), viable and acrosome intact % (B), viable and low membrane 
fluidity % (C), median MitoSOX fluorescence (D), DNA fragmentation index (E) and high 
DNA stainability (F). Boxes are interquartile range, median is marked with a horizontal line, 
whiskers represent minimum and maximum values. HF = high frequency of ejaculate 
collection, LF = low frequency of ejaculate collection. Week 4 and Week 10 = week 4 and 
week 10 on the trial, respectively. Ejac 1 = first ejaculate of the day, Ejac 2 = second ejaculate 
of the day (applies to high treatment only). Ejaculate number = ejaculate number of the day 
(high treatment only). Trt. = treatment, FU = fluorescence units, n = number of bulls, ns = non-
significant, *asterisk represents differences between treatment (P < 0.05). 
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2.3.6 Field Fertility 
The HF treatment had more straws used in the field than the LF treatment (9,541 and 4,305 
straws, respectively; Table 2.6). Bulls on HF had a higher pregnancy rate than the LF treatment 
(64.5 ± 0.9 and 60.0 ± 1.1 %, respectively; P = 0.05; Table 2.6).  
Table 2.6: The effect of ejaculate collection frequency treatment on average phenotypic 
pregnancy rate. (Values are mean ± SEM unless stated otherwise, n = number of bulls). 
Parameter 




Number of bulls 14 11  
Total Number of 
inseminations 
9,541 4,305  
Average phenotypic 
pregnancy rate (%) 
64.5 ± 0.99 59.9 ± 1.12 P = 0.05 
HF = high frequency of ejaculate collection, LF = low frequency of ejaculate collection. 
 
2.4 Discussion  
This study used an intensive semen collection frequency for young dairy bulls over a relatively 
short period of time to achieve enough semen straws for progeny and fertility testing of these 
bulls. The main findings of this study were that increasing the collection frequency of young 
dairy bulls reduced the number of days to reach 1000 semen doses by 41 days and increased 
pre-freeze sperm motility in the ejaculate. Post-thaw sperm quality was also greater for the 
bulls collected more frequently in terms of increased post-thaw sperm motility (post stress 
testing) along with lower superoxide production. Critically, increased collection frequency 
resulted in improved field fertility and therefore provides an attractive alternative for industry. 
Bulls on the HF treatment reached a target number of 1000 acceptable semen doses earlier than 
bulls on the LF treatment. This trend was also evident in other studies, where bulls ejaculated 
more frequently and had greater sperm output per unit time, when compared to a less frequently 
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ejaculated bull. Almquist and Amann (1976) found that mature Holstein bulls ejaculated six 
times weekly, produced 3.3 times more sperm than bulls ejaculated once a week. Almquist 
(1982) reported that on a more frequent ejaculate collection schedule, 3.2 times more sperm 
were harvested per week from Holstein bulls. The common theme across published studies is 
that a more frequent ejaculate collection interval will result in more sperm being harvested 
from bulls per unit time; the present study confirms these findings. 
Interestingly, the current study found no difference in the number of ejaculates required to 
reach a target number of semen doses. This was caused by the finding in the present study that 
ejaculate collection frequency did not affect semen volume, sperm concentration or TSN per 
ejaculate. Also, in the current study there was no significant difference in the proportion of 
ejaculates rejected pre-freeze or post-thaw across treatments. In a study by Almquist and 
Amann (1976) who assessed Holstein bulls from 13 to 24 weeks post-puberty, those that 
ejaculated more frequently had a higher proportion of ejaculates acceptable for freezing than 
bulls ejaculated less frequently. A more frequent ejaculation frequency appears to be beneficial 
in terms of the proportion of acceptable ejaculates. However, in the same study by Almquist 
and Amann (1976), the proportion of ejaculates acceptable for freezing was not different across 
ejaculate collection frequency treatments at 1 to 12 weeks post puberty, which is more 
comparable to the age of bulls in the current study. The current study also found no effect of 
frequency of collection on the proportion of ejaculates rejected. 
Kanthiya et al. (2020) reported that a higher volume of semen and concentration of sperm were 
obtained per ejaculate from bulls on a longer collection interval (5-day interval versus 2-day 
interval). However, in the current study there was no difference between treatments on volume 
of semen or sperm concentration. This difference between the studies may be due to the current 
study investigating more frequent ejaculate collections than those investigated by Kanthiya et 
al. (2020). 
The HF treatment resulted in more ejaculates per unit time and led to increased semen output 
per unit time. To focus on a 2-week period (without accounting for rejection rates,), the HF 
bulls produced 1254 straws whereas the LF bulls produced 759 semen straws based on TSN 
per ejaculate and number of ejaculates per 2-week period. The HF bulls produced ~65% more 
semen doses per 2-week period on trial. In context, assuming a semen straw dose sells for ~ 
€12, the HF bulls produced €15,048 worth of semen per 2-week period and the LF bulls 
produced €9,108 worth of semen.  Kanthiya et al. (2020) focused on semen output and found 
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that a longer collection interval produced more sperm on an ejaculate basis, but when 
investigated on a time basis, the longer intervals between ejaculate collections actually 
harvested less sperm per unit time. This is in agreement with the current study and studies by 
Almquist and Amann (1976) and Almquist (1982).  
The current study reported an increased total and gross motility pre-freeze for ejaculates 
collected on the HF treatment. This was also evident in the study by Almquist and Amann 
(1976), who found that bulls ejaculated more frequently produced ejaculates with greater sperm 
motility and thus had a higher proportion of ejaculates acceptable for freezing. In contrast, 
Kanthiya et al. (2020) found that motility and mass motility were not significantly different in 
the fresh semen from bulls with a more frequent ejaculate collection schedule, when compared 
with a less frequent schedule.  
In the present study, there were significant differences found between the first and second 
ejaculates from the same bull on the same day (HF only). The first ejaculate of the day had a 
greater semen volume and sperm concentration per ejaculate than the second ejaculate. This 
resulted in the first ejaculate having a higher TSN per ejaculate than the second. This trend is 
reflected in other studies where first ejaculates had greater semen volume, sperm concentration 
and TSN than second ejaculates collected on the same day for Holstein Friesian bulls older 
than one year (Murphy et al. 2018a). This is also in agreement with Fuerst-Waltl et al. (2006) 
who reported that first ejaculates of the day had greater volumes, sperm concentration and TSN 
than the second ejaculate from Simmental bulls (youngest age category 16 – 18 months). 
Similarly, Bhakat et al. (2011) found that first ejaculates had greater sperm concentration in 
Sahiwal bulls.  
Furthermore, the current study found that the first ejaculate of the day had a higher pre-freeze 
total motility than the second ejaculate. This was also evident in the study by Murphy et al. 
(2018a) where first ejaculates had a greater pre-freeze total and gross motility than the second 
ejaculate of the day. Unlike the finding by Murphy et al. (2018a), the current study found no 
difference between first and second ejaculates in terms of pre-freeze gross motility score. While 
there are no publications identifying what could possibly be causing the higher total motility 
for the first ejaculate of the day, a hypothesis for this could that the secretions from the 
accessory glands of the male reproductive tract are causing this increased motility in the first 
ejaculate. The glands may be somewhat depleted for the second ejaculate of the day, resulting 
in reduced pre-freeze motility. In the current study, although there was a significant difference 
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found in total motility pre-freeze due to the ejaculate number of the day, the biological 
difference is small and there were no differences in post-thaw and post-stress motility for the 
first and second ejaculates of the day. This agrees with the finding that there were no 
differences between post-thaw motility of ejaculates collected on the same day (Murphy et al. 
2018a). 
There were no differences between ejaculate collection frequencies found in any of the post-
thaw motility, kinematic and defective morphological parameters as assessed by CASA in the 
current study. Assessment by CASA was carried out immediately post-thaw; no differences 
were found in motility parameters. These findings agree with the subjective post-thaw motility 
analysis in the current study and that of Murphy et al. (2018a), where there was no effect of 
ejaculate number of the day on post-thaw total or gross motility.  
In the current study, there was no effect of collection frequency, time on a collection frequency 
or ejaculate number of the day on the proportion of viable sperm, viable and acrosome intact, 
viable and low membrane fluidity, DFI or HDS. However, the HF had lower superoxide 
production. It may be the case that on the LF treatment, superoxide production was raised. 
Superoxide is an indicator of oxidative stress. Superoxide production is a normal by-product 
of metabolism, but when produced in excess it can be harmful and may result in oxidative 
stress. Oxidative stress can affect sperm cell function by destruction of organelle and plasma 
membranes through peroxidation of polyunsaturated fatty acids, formation of lipid peroxides, 
oxidation and inactivation of certain enzymes, destruction of carbohydrates, depletion of 
adenosine triphosphate and mutation of genes through DNA nicking (Hinton et al. 1996). In 
humans, a low level of reactive oxygen species generation has been shown to be beneficial to 
sperm function (Aitken 2020). One possible explanation behind the difference in levels of 
superoxide production in the current study, depending on frequency of ejaculate collection 
could be different transport times of the sperm through the epididymis. In the current study, it 
may be that on LF treatment, the sperm are transiting through the epididymis at a slower rate 
than on the HF and this is resulting in the sperm having higher superoxide production and 
increased motility. It could also be that on the HF, superoxide production was reduced and 
motility increased and this could be attributed to reduced transit time of the epididymis. A 
hypothesis for this could that longer transit times through the epididymis are associated with 
reduced sperm quality, due to increased exposure to conditions which may be detrimental to 
the sperm. Extending the transit time through the epididymis increases exposure to external 
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temperature fluctuations and could result in reduced sperm quality.  The environment that 
sperm encounter when transiting through the epididymis is hyperosmotic (Joseph et al. 2010) 
and acidic, which is essential to keep sperm dormant and immotile during transport through 
the epididymis (Shum et al. 2009). However, prolonged exposure to this environment may be 
harmful to sperm quality. 
Sperm are continuously produced by the testes (Barth 2007) so enter into the epididymis at a 
constant rate, and can only be voided from the epididymis by ejaculation, micturition, 
resorption, masturbation or spontaneous emission (Barth 2007). Amann et al. (1974) found that 
in normal bulls, few if any sperm are resorbed by the epididymis. While it is generally accepted 
that the spermatogenesis process is fixed, transport time of sperm through the epididymis can 
vary and is altered by ejaculate collection frequency (Amann et al. 1974). Transit time of sperm 
through the epididymis is generally 8-11 days depending on sperm output and can be at least 2 
days longer when a bull is sexually rested (Amann et al. 1974). Amann et al. (1974) found that 
sperm transit time through the caput, corpus, and cauda epididymis was about 2.8, 0.6, and 3.8 
days, respectively. Schenk (2018) reported that depleting the reserve of sperm in the epididymis 
(by increasing ejaculate collection frequency) results in the cauda shrinking, which in turn 
reduces transport time due to fewer sperm stored within. It is unclear from the literature if an 
increased ejaculate collection frequency causes the transit time of just this one section or of all 
sections to be reduced.  
A hypothesis developed to explain the findings regarding reduced number of days to reach a 
target number of straws in the current study could be that the increased frequency of ejaculate 
collection is reducing the amount of sperm lost in urine, thus improving overall useful sperm 
output from the bulls. This hypothesis is based on the assumption that the cauda epididymis is 
small in young bulls, meaning young bulls have a reduced capacity to store fertile sperm. As 
sperm continuously enter the epididymis, sperm must be voided from the epididymis as it 
cannot be expected to expand indefinitely to provide more storage. Sperm are voided mainly 
by ejaculation or urination, so when not ejaculated as frequently, more may be lost in urine. 
This hypothesis would explain, at least in part why such a dramatic reduction in days to reach 
1000 straws was evident for bulls which were collected more frequently. It may not be a case 
of increased transit time through the epididymis, but may simply be caused by less sperm being 
lost in urine, however both are equally plausible and a combination of both is possible. It is 
reasonable to hypothesis that the ampulla could be affected in a similar way to the epididymis. 
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The ampulla cannot be expected to expand indefinitely to store surplus sperm so excess sperm 
must be voided by urination. A more frequent ejaculation collection frequency may reduce the 
amount of sperm loss from the ampulla through urine.  
There is a dearth of studies investigating how fertility of semen is affected by ejaculate 
collection frequency. No differences in field fertility were found in 4, 6 and 8-year-old Holstein 
bulls on different ejaculate collection frequencies whereby collections were once weekly versus 
collection six times weekly (Almquist 1982). No published studies investigated the effect of 
ejaculate collection frequency of young bulls on field fertility. The increase in field fertility for 
bulls collected at a more frequent rate in the current study could be attributed in part to a 
combination of the improved sperm motility and reduced superoxide production by the sperm. 
However, bulls with above average field fertility were found to have significantly higher 
mitochondria-specific reactive oxygen species positive sperm than bulls with below average 
fertility (Kumaresan et al. 2017), which is in contrast with the findings of the current study.   
In conclusion, collecting ejaculates more frequently from peri-pubertal dairy bulls, reduced the 
number of days to obtain a target number of straws, increased sperm motility pre-freeze and 
post-stress testing and increased semen quality in terms of lower superoxide production. 
Critically, collecting ejaculates more frequently from these bulls resulted in increased field 
fertility, thus appearing to be a strategy to improve outcomes from AI in the field, leading to 
increased productivity of cattle. This strategy may be useful to obtain a greater number of 
semen doses from young bulls in a shorter period of time, which leads to earlier progeny and 
fertility testing of bulls. It is preferable in all production systems (seasonal/non-seasonal, 
dairy/beef) to ensure an AI bull can be used commercially at the youngest age possible. This 
will result in progeny and fertility data earlier in the bulls’ life and ensures that bull studs can 
make an informed decision on the future of the bull.  
2.5 Future Research  
Future research in this area should focus on what contributes to the greater motility and lower 
superoxide production by sperm from bulls ejaculated more frequently, ultimately leading to 
the better understanding of why field fertility was increased. This study could also be repeated 
for a more prolonged period of time (six months to a year). A similar study could be carried 
out in more mature bulls to assess if increases in sperm quality and field fertility could be 
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